








assigned codes upon publication. In addition to our original ethical application, we
have been permitted to transfer samples abroad for NGS analysis.

3.3 Laboratory methods

This thesis employed a range of laboratory methodologies, with
immunophenotyping by multicolour flow cytometry serving as the central
technique throughout all studies. In addition, complementary state-of-the-art
approaches, such as next-generation sequencing (NGS), were implemented to
address specific research objectives. An overview of the experimental workflow,
together with the materials and methods applied, is presented in Figure 13.
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Figure 13. Schematic overview of the experimental workflow. (created by BioRender).
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3.3.1 Celllines and MNCs

In Studies Il and lll, Human leukemia cell lines were used as target cells. These
included the CD34+ cell lines SUPBI15, Kasumi, and KGla, as well as the CD34- cell
line NALM-6, all obtained from the American Type Culture Collection (ATCC). Cells
were maintained in RPMI-1640 medium (Thermo Fisher Scientific) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; HyClone) and 1%
penicillin/streptomycin (P/S; Gibco, Life Technologies) (complete medium) at
37°C in a humidified atmosphere containing 5% CO,. hCMEC/D3 cells (Nordic
biosite) were cultured in tissue culture flasks pre-coated flask with rat-tail
collagen type | (Sigma) and maintained in EGM-2-MV BULLETKIT medium (Lonza,
Fisher Scientific) supplement with 10 mM HEPES, 200 ng/mL bFGF, 1.4 uM
hydrocortisone, 5ug/mL ascorbic acid, 5% FBS, and 1% P/S.

Mononuclear cells (MNCs) were obtained and isolated from the peripheral blood
and in some cases BM of healthy volunteers or patients using density gradient
centrifugation with Ficoll-Paque (GE Healthcare) at 800 x g for 20 minutes
without brake, following the manufacturer’s instructions. The buffy coat layer
containing MNCs was subsequently collected and washed twice with phosphate-
buffered saline (PBS) before counting. MNCs were either used fresh in subsequent
assays or cryopreserved at -192°C in complete culture medium supplemented
with 10% dimethyl sulfoxide (DMSO; Sigma) until further use.

3.3.2 y6 T cell in vitro expansion

MNCs were cultured at a cell density of 1x 10° viable cells/mL in complete media
(RPMI 1640 supplemented with 10% pooled FBS serum and 100 IU/mL penicillin G
and 100 mg/mL streptomycin) in the presence of 5 uM zoledronate (Sigma) and
300 IU/mL recombinant IL-2 (Miltenyi Biotec). Cells were incubated at 37 °C in 5%
CO; and culture media was exchanged every 2-3 days based on cell growth. At
day 12 of cultivation, y8 T cells were harvested and purified if necessary, using
negative selection of y§ T-cells by magnetic beads (TCRy/&+ T-Cell Isolation Kit;
Miltenyi Biotec).

3.3.3 Flow cytometry

Flow cytometry is a widely recognized gold-standard technique for single-cell
analysis, enabling the characterization of both intracellular and extracellular
phenotypes. The principle relies on hydrodynamic focusing to create a laminar
flow stream, allowing cells to pass individually through a laser beam. The detection
system: comprising lasers, optical filters, and photomultiplier tube (PMT)
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detectors measures light scatter in different directions: forward scatter (FSC),
which correlates with cell size, and side scatter (SSC), which reflects cellular
structural complexity (Figure 14). In addition, fluorescent dyes or fluorochrome-
conjugated antibodies can be used to detect specific cell markers, enabling
identification of immune cell subsets, evaluation of apoptosis, and measurement
of cytokine production.

Cell surface staining was performed as a standard procedure in all studies. Briefly,
MNCs were washed and resuspended in PBS at a concentration of 1-2 x 10°¢
cells/mL. Cells were incubated with titrated volumes of fluorochrome-conjugated
antibodies in PBS for 20—30 minutes at 4°C, washed with PBS, and subsequently
stained with 7-aminoactinomycin D (7-AAD) for 10 minutes at room temperature.
Data acquisition was performed on a CytoFLEX cytometer (Beckman Coulter),
and analysis was conducted using FlowJo vIO software (BD Biosciences).
Appropriate controls were included for each experiment, including single-color
stained compensation beads and fluorochrome-minus-one (FMO) controls to
ensure accurate gating. A complete list of monoclonal antibodies (mAbs) used is
provided in Table 2.
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Figure 14. Basic principle of flowcytometry. (created by BioRender).
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ECS/ICS

(P= phenotyping)

Marker Fluorochrome Clone Company C CatNo
(F = Functional)
(S = Sorting)
Anti-Human CD3 Bv510 UCHT1 Biolegend ECS (P, F, S) 300448
Anti-Human CD3 Bv510 UCHT1 BD Bioscience ECS (P, F,S) 563109
Anti-Human yd PE REA591 Miltenyi Biotec ECS (P, F, S) 130-113-512
Anti-Human V31 FITC TS8.2 Thermofisher Scientific ECS (P, F) TCR2730
Anti-Human V52 VioBlue 123R3 Miltenyi Biotec ECS (P, F) 130-101-157
Anti-Human W9 FITC B3 Biolegend ECS (P) 331306
Anti-Human CD4 AlexaFluor700 RPA-T4 BD Bioscience ECS (P) 557922
Anti-Human CD8 APC Cy7 SK1 BD Bioscience ECS (P) 557834
Anti-Human CD27 PE Vio770 M-T271 Miltenyi Biotec ECS (P) 130-113-631
Anti-Human CD45RO APC UCHL1 BD Bioscience ECS (P) 559865
Anti-Human CD192/CCR2 Bv650 1D9 BD Bioscience ECS (P) 747849
Anti-Human CD195/CCR5 PE Cy7 2D7/CCR5 BD Bioscience ECS (P) 557752
Anti-Human CD196/CCR6é PE-CF594 11A9 BD Bioscience ECS (P) 564816
Anti-Human CD197/CCR7 PE-CF594 150503 BD Bioscience ECS (P) 562381
Anti-Human CD199/CCR9 APC 112509 R&D Systems ECS (P) FAB179A
Anti-Human CD183/CXCR3 Bv785 G025H7 Biolegend ECS (P) 353737
Anti-Human CX3CR1 Bv650 2A9-1 Biolegend ECS (P) 341625
Anti-Human CD314/NKG2D Bv650 1D11 BD Bioscience ECS (P, F) 563408
Anti-Human CD226/DNAM-1 Bv785 11A8 Biolegend ECS (P) 338321
Anti-Human CD159¢/NKG2C PE Vio770 REA205 Miltenyi Biotec ECS (P) 130-120-589
Anti-Human CD159a/NKG2A APC REA110 Miltenyi Biotec ECS (P) 130-113-563
Anti-Human CD336/NKP44 APC P44-8 Biolegend ECS (P) 325110
Anti-Human CD274/PDL1 APC MIH1 BD Bioscience ECS (P) 563741
Anti-Human CD279/PD1 PE MIH4 BD Bioscience ECS (P) 557946
Anti-Human CD366/TIM3 APC F38-2E2 Miltenyi Biotec ECS (P) 130-120-700
Anti-Human CD39 PE Vio770 REA739 Miltenyi Biotec ECS (P) 130-110-790
Anti-Human CD69 Bv786 FN50 BD Bioscience ECS (P, F) 563834
Anti-Human CD16 FITC 3G8 BD Bioscience ECS (P) 555406
Anti-Human CD56 Bv421 NCAM16.2 BD Bioscience ECS (P) 562751
Anti-Human CD86 AlexaFluor700 | 2331 (FUN-1) BD Bioscience ECS (P) 561124
Anti-Human HLA-DR APC-H7 G46-6 BD Bioscience ECS (P) 561358
Anti-Human CD103 PE Ber-ACT8 BD Bioscience ECS (P) 550260
Anti-Human CD137 VioBright FITC 4b4-1 Miltenyi Biotec ECS (P) 130-119-971
Anti-Human CD154 APC TRAP1 BD Bioscience ECS (P) 560955
Anti-Human CD158b (KIR2DL2/L3 NKAT2) PE Cy7 DX27 Biolegend ECS (P) 312610
Anti-Human af FITC BW242/412 Miltenyi Biotec ECS (S) 130-113-530
Anti-Human af PE-Vio 770 BW242/412 Miltenyi Biotec ECS (S) 130-113-532
Annexin V APC BD Bioscience ECS (P) 550474
Anti-Human CD34 FITC 581 (RUO) BD Bioscience ECS (S) 555821
Anti-Human CD112 (Nectin-2) PE TX31 Biolegend ECS (P) 337410
Anti-Human MICA/B PE Cy7 6D4 Biolegend ECS (S) 320918
Anti-human CD155 (PVR) BV 421 SKIl.4 Biolegend ECS (P) 337632
Anti-Human CD274/PDL1 BV650 MIH1 (RUO) BD Bioscience ECS (P) 563740
Anti-Human TNF APC MAB11 BD Bioscience ICS (F) 554514
Anti-Human IFNy PE Cy7 B27 BD Bioscience ICS (F) 557643
Anti-Human IL-17A PerCP Cy5.5 N49-653 BD Bioscience ICS (F) 560799
Anti-Human CD107a PE H4A3 (RUO) BD Bioscience ICS (F) 555801
Anti-Human MIP-1B AlexaFluor700 D21-1351 BD Bioscience ICS (F) 561278
7-Amino-Actinomycin D (7AAD) PerCP Cy5.5 -—- BD Bioscience Viability dye (P, S) 559925
Fixable Viability Stain 780 APC Cy7 -—- BD Bioscience Viability dye (F) 565388
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Bv510 - Thermofisher Scientific Viability dye (F) 134957

3.3.4 Proliferation assay (CTV)
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Table 2: List of antibodies used in this thesis.

In Study II, we implemented a flow cytometry-based assay to assess y6 T cell
proliferation response in Study Il Initially, y§ T cells were washed in PBS and
centrifuged at 300 x g for 10 minutes. The resulting cell pellet was resuspended
in 1 mL of PBS containing CellTrace™ Violet (Thermo Fisher Scientific) at a final
concentration of 2 pM and incubated for 10 minutes at 37 °C in the dark. Labeled




cells were then diluted five-fold in complete medium, incubated for an additional
5 minutes, and washed with PBS prior to use in subsequent experiments.

Labeled y6 T cells were co-cultured with target cell lines at a 3:1 effector-to-
target ratio in serial dilutions of bispecific T cell engager (BTE). Cultures were
maintained at 37 °C in a humidified atmosphere containing 5% CO, for 5 days.
Proliferation was assessed using flow cytometry by quantifying the percentage of
CellTrace Violet (CTV) low cells relative to unstimulated controls (Figure 15).
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Figure 15. Evaluation of cell proliferation by cell trace violet (CTV). (created by
BioRender).

3.3.5 TQ preparation

In Study IlI, TQ (Sigma) was dissolved in DMSO (WAK-Chemie Medical GmbH,
Germany) to achieve a final stock concentration of 60.9 mM. The stock was kept
in aliquots at — 80 °C until needed. The specified concentrations were diluted with
the complete RPM-1 medium prior to each experiment.

3.3.6 Cell viability (WST-1)

In Study lll, cell viability was assessed by WST-1reagent. The method relies on the
reduction of WST-1 tetrazolium salts into a colored formazan dye that is soluble
in cell culture. Briefly, The MNCs and leukemia cells were exposed to different
concentrations of TQ for 24 and 72 h in a 96-well plate incubated at 37°C. After
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incubation, WST-1reagent was added to the cells and incubated for an additional
3 h at 37°C. Finally, the plate was read at 450 nm using a SpectraMax i3x Multi-
Mode Microplate Reader (American Laboratory Trading, USA). Measurements at a
reference wavelength of 650 nm were conducted for the purpose of background
correction. The percentage of cell viability is determined using this equation:
(Absorbance of treated cells minus Absorbance of background) / (Absorbance of
untreated cells minus Absorbance of background) x 100.

3.3.7 Cell purification and sorting

This thesis involved the implementation of two main cell purification techniques.
In Study |, a higher purity of y8 T cells was required for the immunosequencing of
TRG; thus, a Fluorescence Activated Cell Sorting (FACS) technique was employed
(Sony MA90O, Sony Biotechnology Inc.). In Studies Il and Ill Magnetic Activated
cell sorting (MACS) was sufficient to provide a high yield of purified y8 T cells after
expansion if needed. For this purpose, the negative selection was performed using
(human TCR y/8+ T Cell Isolation Kit, Miltenyi Biotec). For magnetic beads sorting,
a selection buffer consisting of PBS containing 0.5% bovine serum albumin (BSA)
and 2 mM EDTA was used.

3.3.8 Next generation sequencing (NGS)

Next-generation sequencing (NGS) has revolutionized genomics by enabling
massively parallel sequencing at high speed, scale, and reduced cost compared
with traditional Sanger sequencing. Among the available platforms, lllumina
technology dominates the field and accounts for the majority of sequencing data
worldwide. lllumina sequencing relies on sequencing-by-synthesis (SBS), in which
DNA fragments are clonally amplified on a flow cell and fluorescently labeled
nucleotides are incorporated during strand synthesis. Each incorporated base is
identified by its emission spectrum, enabling highly accurate base calling.

In Study I, the NGS workflow comprised four key steps: (1) nucleic acid extraction,
(2) library preparation, (3) sequencing, and (4) bioinformatic analysis. Library
preparation and sequencing steps were performed by iRepertoire (Huntsville, AL,
USA).

Step 1. Nucleic acid extraction

NGS can be applied to either DNA or RNA. In our study, RNA was used. Cells were
sorted using the Sony MA9OO cell sorter, achieving a median efficiency of 92%.
RNA was immediately extracted with the RNeasy Micro Kit (Qiagen, Hilden,
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Germany), quantified using a NanoDrop2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA), and stored at —80 °C until shipment.

Step 2. Library preparation

Reverse transcription PCR was performed by iRepertoire using multiplexed V and
J primers to amplify T-cell receptor (TCR) y-chain CDR3 rearrangements. The
resulting amplicons were processed into Illumina-compatible sequencing
libraries.

Step 3. Sequencing

Paired-end sequencing was carried out by iRepertoire on an lllumina NGS
platform, where millions of library fragments are read in parallel.

Step 4. Bioinformatic analysis

The large datasets generated by NGS require specialized bioinformatic workflows.
Standard steps include quality filtering, adapter trimming, alignment to a
reference genome, and repertoire characterization. Sequencing data were initially
processed using the iRweb platform (iRepertoire). Raw data were subsequently
downloaded and analyzed with the Immunarch package
(https://github.com/immunomind/immunarch) to assess TRG CDR3 diversity,
clonal space homeostasis, spectratype distribution, and V/J-segment usage. Only
productive CDR3 rearrangements were included.

To minimize bias, datasets were normalized by down-sampling to the size of the
smallest sample. Repertoire similarities were calculated using the Morisita—Horn
and Jaccard indices. Recipient clonotypes that showed a fold increase >1.5
compared with the donor were extracted, aligned with Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/), and used to generate CDR3 amino
acid motif logos via the WeblLogo server
(http://weblogo.threeplusone.com/create.cgi).

3.3.9 Functional assay

In Study I, MNCs from recipients were thawed overnight in complete medium. The
following day, cells were stimulated for 6 h with PMA and ionomycin (Sigma-
Aldrich) or with PepTivator CMV pp65 (premium grade, Miltenyi Biotec) in the
presence of Brefeldin A (Sigma-Aldrich) and GolgiStop (monensin; BD
Biosciences). After stimulation, cells underwent extracellular and intracellular
staining and were analyzed using a CytoFLEX flow cytometer (Beckman Coulter).

41



3.3.10 Killing assay

In Studies Il and lll, we assessed the capacity of y8 T cells to lyse the leukemia
cell lines. Briefly, in Study I, expanded y§ T cells (effector, E) were co-cultured
with CTV-labelled leukemia cells (target, T) at an E:T ratio of (3:1) in the presence
of different concentration of CD34/CD3 BTE and RSV/CD3 BTE serve as a control
and incubated at 37 °C for 4h, 24h, 48h, 7h, and 120h. After incubation, cell viability
was assessed using 7AAD and % of specific killing was calculated using the
formula.

% of viable target cells in coculture with BTE

killing (%) = (1 - ) + 100

% of viable target cells in coculture no BTE

In Study lll, leukemia cells were pretreated with TQ 5 uM TQ, 0.007 % DMSO as
vehicle control (VC), or left untreated in medium as control at 37 °C for 24 h. After
incubation, all treated cells (target, T) were pre-labelled with CTV before co-
culturing with expanded y8 T cells (effector, E) at an ET ratio of (3:1) in the
presence/absence of CD34/CD3 BTE (100 ug/mL) for an additional 24 h. Cell
apoptosis was evaluated using dual staining with Annexin V and 7AAD. % of killing
was determined separately for each condition (non-treated, TQ-treated, and

DMSO-treated) by using the following formula:

% of alive target cells in culture

killing (%) = (1 - >* 100

% of alive target cells alone

The specific killing mediated by BTE was calculated individually for each condition
as outlined below:

% of alive target cells in culture with BTE

killing (%) = (1 - )* 100

% of alive target cells in culture no BTE

3.3.11FluoroSpot assay

In Study lI, the FluoroSpot assay was used to analyze the secretion of IFN-y, TNF-
a, and granzyme B at a single level after co-culturing the y8 T cells (effector cells)
with leukemia cells (target cells) for 24 h. During the incubation, released
cytokines are captured directly by plate-bound antibodies. After incubation,
cells are washed and then plate-bound analytes are visualized as a spot after
adding the fluorescence-conjugated reagents.
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3.3.12 Luminex multiplex assay

In Study Il, we analyzed various cytokines and chemokines in cell culture
supernatants from cytotoxicity experiments using a Luminex multiplex assay. This
assay is a powerful method that allows the detection of multiple soluble factors
in a single sample at once. In this assay, color-coded beads are conjugated with
capture antibodies. When samples are added, the analytes bind to the antibody-
coated beads. After that, the biotin-labelled detection antibodies are added.
Finally, the addition of a fluorochrome-conjugated substrate generates a
fluorescent signal. The plate is run on a multiplex reader machine to measure the

fluorescent intensity.

3.3.13 ELISA

An enzyme-linked immunosorbent assay (ELISA) is a common technique for
quantifying soluble factors based on light intensity measured with a
spectrophotometer. The plate is coated with a capture antibody that targets the
antigen. In Study I, supernatants from the cytotoxicity experiments were added
to the plate, allowing IFN-y to bind to the immobilized capture antibody. A biotin-
labeled detection antibody was then applied, followed by enzyme-conjugated
streptavidin, which binds to the biotin on the detection antibody. Finally, a
substrate was added, which is cleaved by the enzyme, generating a color change

proportional to the amount of IFN-y in the sample.

3.4 Statistical methods

All statistical analyses were performed using GraphPad Prism (version 10 or later),
with significance at p < 0.05. The dose-response data were assessed using a
nonlinear regression fit, and LC50/IC50 were determined by interpolating 50%
cytotoxicity from the fitted dose-response curve. We used the Wilcoxon
matched-pairs signed-rank test to compare two paired samples. Comparisons
across multiple groups were analyzed using the Friedman test and Dunn’s multiple
comparisons test. For unpaired samples involving two or more groups (e.g, GVHD
or CMV status/reactivation), analyses were conducted using the Mann—Whitney
U-test or Kruskal-Wallis test followed by Dunn’s post-test. The assessment of
differences in cytokine production (FluoroSpot, Luminex, ELISA) and proliferation
assays was conducted using the Friedman test and Dunn’s correction in relation
to the appropriate BTE condition. For correlation analysis, we used Spearman’s
test.
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4 Results and Discussion

For decades, allogeneic haematopoietic cell transplantation (aHCT) has been
considered a curative approach for various blood disorders, particularly
hematological malignancies (185). Despite the advancements in the field, there is
a remaining knowledge gap in understanding the long-term homeostatic steady
state of y§ T cells post-aHCT (101). Moreover, significant challenges persist in
reducing the relapse rate and transplant-related mortality following aHCT and the
adverse effects of the pre-transplant conditioning regimen can result in long-
term side complication after aHCT. Thus, there is an urgent need for new
treatment in addition to preserving the quality of the patient's life as well. (186-
189).

This thesis aimed to provide an in-depth analysis of y§ T cell reconstitute ion in
long-term survivors after aHCT and its association with previous clinical
outcomes, an important aspect lacking in earlier studies (Study I). Furthermore, it
introduces a novel CD34/CD3 BTE antibody to enhance the antileukemia effects
of y8 T cells (Study ). It also demonstrates a promising anticancer compound,
TQ, which acts as a sensitizer to the leukemic cells, making these cells susceptible
to y8 T cell-based CD34/CD3 BTE therapy (Study iI).

4.1 y8 T cell reconstitution in along-term post aHCT (Study I)

4.1.1 Phenotype and TCR repertoire

Using multiparameter immunophenotyping and immune sequencing of TCR y-
chain (TRG), we compared a cohort of long-term survivors (recipients) who
underwent aHCT to their corresponding sibling donors (n = 20) at a median
sampling recipients/donors of 18/18.5 years post aHCT. Our phenotyping analysis
revealed no significant differences in the frequencies of total y6 T cells and their
subsets or the V&81/V62 ratio between donors and recipients (Figure 16).
Furthermore, unlike a3 T cells, we observed a comparable memory phenotype
within y§ T cells and their subsets across both groups. This similarity extended to
the expression of CD4+ and CD8+ markers, chemokine and NK cell receptors, as
well as exhaustion and activation markers in the total y§ T cell population, as
detailed in Study I.
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Figure 16. Phenotypic analysis of y§ T cells post-long-term aHCT, showing y§ T cell
frequency and their subsets, and V§1/V52 ratio in donors versus recipients (n = 20).

Parts from Study |.

TCR repertoire diversity is another important determinant for evaluating immune
reconstitution (190): Talvensaari et al. found that the TCR repertoire was abnormal,
with a lower T-cell receptor excision circle (TREC) value in patients who
underwent cord blood or bone marrow transplants within the initial year. After two
years, the TCR diversity had increased, alongside the TREC value, only in cord
blood than in bone marrow transplant (191). The reconstitution of y§ T cell
repertoire occurs rapidly and reestablished to be stable at 6 months after aHCT
(108). However, the 8 T cell reconstitution and its repertoire can be influenced by
viral infection/activation or another transplant-related factors (101). It has been
shown that TRG y$8 repertoire composition after aHCT was perturbed by CMV
reactivation (108) or likely due to immunosuppressive therapies (192). These
findings have been somewhat investigated in y§ T cell repertoires within a short-
term after aHCT, whereas limited information/nothing is available on long-term yé
T cell repertoires.

Here, as the phenotypic profile indicated similarity between donors and
recipients, we further quantified the overall TCR diversity according to the
number of clonotypes, the Chaol estimator, the Gini-Simpson index, and the
inverse Simpson index. The results indicated that TRG diversity was comparable
between donors and recipients (Figure 17), with no significant differences
observed in repertoire space occupancy, CDR3 length distribution, or V-J gene
segment usage, as presented in Study l. These findings indicate that the TRG
repertoire composition is restored and remains stable long-term after
transplantation.
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Figure 17. TRG repertoire diversity of y§ T cells between the donors and long-term aHCT
recipients (n = 12 paired samples). Parts from Study .

After aHCT, a crucial question is the origin of the y§ TCR repertoire, whether it is
generated from the donor graft or de novo generation in the recipient thymus
(108, 110). the current consensus is that early y§ reconstitution in the recipient
following aHCT is thought to be a chimera of cells, mainly from the donors and a
minority from the recipients (107). For example, Hirokawa et al. demonstrated
peripheral expansion of donor-derived y8 clonotypes. Nevertheless, certain y6
clones were identified in the recipient repertoire post aHCT that were not present
before transplant or in the graft, suggesting a thymic and/or extrathymic
differentiation (110).

In our analysis, recipients exhibited a high prevalence of private clonotypes
compared to their matched donors, who presented more public clonotypes,
indicating de novo generation of naive y§ T cells within the host thymus or
extrathymic differentiation (Figure 18A). Consistent with this, we observed a low
number of shared clonotypes between donor-recipient pairs and minimal overlap
across all samples, confirming the predominance of private clones in recipients
(Figures 18B and 18C). These results align with a recent study where the most
recipient Y8 TCR repertoire displayed less shared clonotypes and minimal overlap
of donor-recipient pairs identified as a private repertoire. Thereby, it was
suggested that efficient de novo generation of y6 T cells from the thymus in the
recipient y§ TCR repertoire after aHCT (108).

However, we observed three recipients (R4, R5, and R13) showing higher shared
clonotypes with their matched donors and clear clustering (Figure 18C). Taken
together, our phenotyping and NGS data suggest that long-term y§ T cell
reconstitution reaches a homeostatic steady state with a normalized TRG
repertoire following aHCT. A larger cohort of patients is needed to verify these
findings.
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Figure 18. Analysis of public and private clonotypes between donor-recipient samples
post-aHCT. (A) clonotype similarity by Morisita-Horn index. (B) Number of shared
clonotype across donor-recipient pairs. (C) Hierarchical clustering of samples using
Jaccard indices. Adapted from Study I.

4.2 Associations with clinical outcomes (Study I)

4.21 Moderate to Severe Chronic GVHD (M/S cGVHD)

So far, the role of different subsets of y§ T cells in GVHD post-transplantation
(193) or within the graft remains an outstanding question (126, 194). Several
studies have described the early reconstitution of y§ T cells post-aHCT,
correlating with improved clinical outcomes and a reduced risk of GVHD, likely
due to their MHC-independent recognition mechanisms (13, 14, 102). Moreover,
the co-infusion of y§ T cells and NK cells within CD34+ HSC in TCRap+/CD19+
depleted graft, has been shown to reconstitute early with a protective
contribution against opportunistic infections, with no sign or less incidence of
GVHD after aHCT (107, 195, 196). Nevertheless, a few studies have also indicated a
potential association between some y§ T cell subsets and GVHD development,
post-aHCT (127, 192) or within the graft (115, 126). These discrepancies between
studies could originate from y§ T cells heterogeneity of, with some y8 T cell
subsets having some phenotypes and functions (e.g. CD8+v8 T cells in the graft)
that may have alloreactivity roles (126) or act indirectly to aggravate aGVHD (e.g.
CXCR4-expressing vy T cells) (127).

This study focused on the potential association of clonotype dynamics and
phenotypic profiles with clinical outcomes. To identify potentially clinically
relevant clonotypes, we first tracked the top 10 donor-derived clonotypes (TRG
clones) persistence and expansion in recipients post-aHCT. These top 10
clonotypes accounted for a median of 8.6 % of all recipients’ TRG repertoire.
Strikingly, three recipients (R4, R5, and R13) exhibited marked expansion of the top
10 clonotypes, reaching 24.17%, 59.25%, and 88.85% of their total TRG repertoires,
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respectively. Other recipients, such as R10, showed a decline in the proportion of
top 10 clonotypes to undetectable levels (Figure 19A).

These donor-derived clonotypes expanded with a notable increase of more than
1.5-fold in recipients (R4, R5, and R13), all of whom developed M/S cGVHD post-
aHCT (Figure 19B). These findings suggest a possible association between
expanded clonotypes in those recipients’ repertoire and cGVHD development.
This pattern of clonal expansion mirrors that of conventional T cells, where an
increased number of expanded clones was described to be associated with
aGVHD after aHCT (197, 198).

Moreover, CDR3 spectra typing revealed a distinct sequence pattern, indicating
private clonal expansion restricted to the donor-recipient pair (Figure 19C).
Importantly, R4 and R5 had ongoing M/S cGVHD during sampling. This finding
aligns with recent evidence showing a possible association between aGVHD
severity and skewed y8 T cell clonality after UCB transplantation (192). However,
this expansion may also be conceivable due to the cell reconstitution process
regardless of cGVHD status.
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Figure 19. (A) Tracking of the top 10 abundant clonotypes in the donor-recipient pairs
based on cGVHD grade. Upper panels show recipients (R4, R5, and R13) who developed
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M/S cGVHD have increased persistence of donor-derived clonotypes, while lower panels
show recipients who developed mild cGVHD. (B) Left panel: Proportion of the top 10
clonotypes in donors and matched recipients. Right panel: individual recipient data
showing the proportion of top 10 clonotypes according to cGVHD grade. (C) Distribution
of unique CDR3 sequence lengths in recipients (R4, R5, and R13). Adapted from Study |.

Next, we extended our analysis to include phenotypic data and included an
additional cohort of patients with ongoing M/S cGVHD (n = 5) as positive control
patients for further investigation. We observed an inverted V§1/V82 ratio and
increased expression of HLA-DR in V81T cells within the recipients (n =4; R2, R4,
R5 and R12) with ongoing M/S cGVHD compared to recipients with a previous
history of no/mild cGVHD, who preserved a normal V§1/V82 ratio and regular levels
of HLA-DR expression. This altered pattern was similarly observed in the positive
control patients (Figure 20). HLA-DR expression on V81 T cells is an activation
marker, which is upregulated under infection conditions or various stimuli (e.g.
CMV stimulation) (81, 199, 200). A study revealed that a high co-expression of
CD38 and HLA-DR on V&1 T cells in acute HIV patients compared to healthy
controls, reflecting their activation state against HIV. The frequency of CD38+
HLA-DR+ V&1 T cells decreased following anti-viral treatment, attributed to a
reduced viral replication (199). Additionally, using cell-free CMV, the HLA-DR has
been upregulated in V81 T cells in response to CMV stimulation (200). However,
we did not find any association of a high expression of HLA-DR by V&1 T cells in
recipients who experienced CMV reactivation, as previously described in infants
with primary CMV infection (81).

Overall, these findings, drawn from NGS and immunophenotyping in a small
cohort, suggest that persistent cGVHD after long-term aHCT may significantly
affect thymic-dependent reconstitution and alter the phenotypic composition.
This effect is likely mediated by the overrepresentation of donor-derived
peripheral clones and the inverted V81/V82 ratio. Although the mechanism is
uncertain, a possible association of HLA-DR+ V81T cells with cGVHD development
could be a therapeutic target. Further investigations with larger cohorts are
needed to verify these findings.
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Figure 20. The association between y§ T cell phenotypes and cGVHD in recipients, as
indicated by the ratio of V§1/V62 and HLA-DR expression levels in V51 T cells. Data were
analyzed based on the cGVHD status at the time of sampling. Statistical comparisons
were performed to compare ongoing M/S cGVHD (3rd group: purple) and previous history
of M/S cGVHD (2nd group: red) versus previous history of no/mild cGVHD (Ist group:
green). An additional cohort of patients with ongoing M/S cGVHD (orange) served as a
positive control. Adapted from Study |.

4.2.2 CMV

The pivotal role of V82-y8 T cells against CMV infection/reactivation has been of
interest in an immunocompromised setting and after aHCT (18, 135). In
immunocompetent hosts, CMV can persist for life without any symptoms, due to
the well-coordinated interaction between innate and adaptive immunity (128).
However, it may result in morbidity and mortality in transplant patients or
immunocompromised individuals who are vulnerable to CMV viral complications
(128, 200). The enrichment of V&1 T cells is significantly associated with CMV
infection/reactivation (81,108, 131). Post-aHCT. Liu et al found that the proportion
of V81T cells expanded significantly in patients with occasional CMV reactivation
after haploHCT upon stimulation with an anti-TCR V&1 antibody, whereas this
expansion capacity was absent in CMV-refractory patients (200). Furthermore,
longitudinal monitoring of CMV DNAemia in plasma samples revealed that
patients with occasional CMV reactivation exhibited elevated cytokine levels,
particularly CXCL10 and IFN-f, compared to CMV-refractory patients at 60- and
90-days post-reactivation. Conversely, the levels of these cytokines were
low/suppressed and comparable to those without CMV reactivation. These
results underscore the anti-CMV activity of V81 T cells after transplantation,
suggesting IFN-B and CXCLIO play an important role during CMV
reactivation. Similarly, treatment with IFN-f and CXCL1O may restore the
functional responses in CMV-refractory patients (200).

In our analysis, we investigated the functional responses of recipient T cells to in
vitro stimulation with CMVpp65 peptide, according to degranulation CD1073,
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TNF-a, and IFN-y production. Recipients’' y8 T cells were classified as responders
(n =12) and non-responders (n = 3) according to their T cell response to CMV
stimulation. We observed that the responder group displayed an increasing trend
in the frequency of y8 T cells and the V&§1/V82 ratio versus the non-responder
group. Interestingly, a positive correlation was found between the V81/V62 ratio
and CDI107a, TNF-a, and IFN-y expressing T cells, indicating that CMVpp65-
specific T-cell responses are associated with V&1 T cells (Figure 21). We further
analyzed the association between the long-term y§ T cell phenotype and CMV
history, including serostatus and reactivation. Consistent with prior studies based
on CMV serostatus, our results found that CMVsero+ recipients had a higher
frequency of V&1 subset and significantly elevated expression of NKG2C and
CD158 within the total y§ T cells (132, 194), further supporting the protective
association of the V&1 subset with CMV.
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Figure 21. Frequencies of y§ T cells and the V§1/V2 ratio in transplant recipients classified
by their CD3+ T cell reactivity (blue dots) or lack of reactivity (red dots) to CMVpp65
stimulation. Parts from Study I.

In the light of the adaptive immune response, several studies indicate that the
differentiated phenotype of CMV-specific subsets, such as V52— and Vy9-V§2+
subsets, is associated with CMV infection/reactivation control (22,135). A recent
study demonstrated that V51y8 T cells experience effector differentiation, clonal
expansion, and remain functional during persistent CMV viremia in common
variable immunodeficiency. These observations suggest a persistent, adaptive-
like response to CMV by V81y8 T cells, even in the absence of B cell immunity (18).
Shortly after aHCT, the proportion of effector memory cells within the V§2-
subset was significantly higher in patients experiencing CMV reactivation (CMV+)
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compared to CMV- patients. Moreover, the repertoire of V61 T cells in CMV+
patients was clonally restricted compared to CMV- patients. Thus, results
suggest that CMV can drive the V81 y§ T cells' expansion and reshape their
memory phenotype differentiation (135).

Our memory phenotype analysis revealed a higher proportion of effector memory
cells within V81 and V§1-V62- subsets among recipients experiencing CMV
reactivation (median 55 days) post-aHCT compared to the no CMV reactivation
group (Figure 22). These findings indicate that V82- subsets, particularly the V81
subset, exhibit adaptive immune response and play a critical role in long-term
CMV control after aHCT. Moreover, higher levels of NKG2D expression were
observed in the V61 subset within the CMV reactivation group, suggesting an
innate-like response against CMV post aHCT (Figure 22). These findings align with
study demonstrating the innate-like immune response of V61 T cells to CMV. It
has found that both cell-free CMV virions and CMV-infected cells significantly
upregulated NKG2D expression on V81 T cells. Blocking TCRyS and NKG2D
signaling significantly diminished reduced their cytotoxicity against CMV-
infected cells, indicating that these receptors pathways are essential for their
antiviral role. In addition, V&1 T cells responded directly to cell-free CMV virions,
with upregulation of TLR2.
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Figure 22. L asting imprint between memory phenotype in yé T cell subsets and NKG2D
expression by V518 T cells with CMV reactivation post-aHCT. Parts from Study I.

4.3 Synergistic strategy to boost yd T cell antileukemia efficacy
without aggravating GVHD (Study Il & Study III)

High relapse rates remain a common adverse event following conditioning
chemotherapy and aHCT (186, 187). Leukemic stem cells (LSCs) strongly
contribute to relapsed disease because when in a quiescent state, they are able
to evade chemotherapy by remaining unaffected (2071, 202). Moreover, these cells
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exhibit phenotypic and epigenetic plasticity during therapy stress, further
increasing leukemia’s multidrug resistance (201). LSCs commonly reside within
the CD34+CD38- cell fraction, and highly express CD34 (202). Notably, elevated
CD34 expression has been observed on AML blasts in patients exhibiting a high
relapse rate and poor prognosis (203, 204). Since CD34 is also expressed on HSC,
leukemia patients must achieve remission before proceeding to aHCT. Therefore,
CD34 represents a suitable target antigen to eradicate AML blasts and CD34+
HSCc before aHCT. This treatment might be eligible for patients who cannot
undergo high-dose pre-HCT conditioning chemotherapy.

To exploit this, we investigated two approaches including immune cell engager
therapy (BTE) alone to target CD34 and; a combinatorial approach of BTE together
with a novel epigenetic drug to sensitize leukemia cell lines to y6 T-cell-mediated
cytotoxicity. In Study I, we demonstrated that a CD34/CD3 bispecific T-cell
engager (BTE) selectively redirects expanded y§ T cells (effector cells) to target
CD34+ cell lines and primary CD34+ AML blasts (target cells) in vitro. In Study llI,
we showed the pre-treatment of leukemia cell lines using low dose of
thymoquinone (TQ) to induce immune sensitization by demonstrating enhanced
susceptibility to rapid killing by expanded y§ T cells and supporting the CD34/CD3
BTE approach in vitro.

4.3.1 Expanded y3 T cells are appropriate as effector
killers (Study Il & Study liI)

Vy9V82T cells are ideal effector cells for hematological malignancies therapy due
to their abundance in peripheral blood (19). The MHC-independence of Vy9Vé2 T
cells further enhances their potential for allogeneic immunotherapy. This
characteristic can reduce the risk of alloreactivity and the need for
immunosuppressive agents. These cells are highly responsive to PAgs expressed
on cancer cells, allowing for a rapid anticancer effect. Beside their TCR
engagement, VY9V482 T cells can express a variety of NK receptors, which further
augment their cytotoxicity (19). After interacting with their respective ligands via
TCR and NK receptors, activated Vy9V82 T cells release IFN-y and TNF-q, together
with antitumor effector molecules such as perforin and granzymes. Unlike V&1 T
cells, Vy9V62 T are strongly expressed CCR5 inflammatory homing receptor
which can enhance their migration to leukemia microenvironment. These cells
with APC-like function can also prime and activate the anticancer activity of other
immune cells such as NK cells and aff T cells. These anticancer mechanisms of
Vy9V82 T cells place them as promising candidates cell in cancer immunotherapy
(19).
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Various approaches have been employed to polarize V62 T cells into effector-like
profile. For example, IL-2 acts as a T cell growth factor, essential for the survival
and proliferation of Vy9Vé2 T cells (205). It is the frequently used cytokine in
combination with PAgs compounds such as amino bisphosphonates (e.g.
Zoledronate: ZOL) or synthetic phosphoantigen (e.g. BrHPP) for expanding Vy9V§2
T cells in vitro. This common combination was widely used for generating a
sufficient number of Vy9Vé2 T cells for adoptive cell immunotherapy with large
amounts of IFN-y and TNF-a (205).

Therefore, we focused our studies particularly on the predominant blood
circulating V82 subset as effector cells for hematological malignancies (15, 206).
Clinically, expanded y8 T cell (Vy9V$§2)-based therapies have garnered increasing
interest in hematological malignancies, with a demonstrated safety profile and
promising outcomes (15, 16). In Study Il and lll, we expanded y§ T cells from
healthy PBMC with IL-2 and zoledronate for 12 days, achieving a median purity
above 90%. Moreover, we applied further purification using a negative selection if
needed. Phenotypic characterization revealed a significant upregulation of
multiple activation markers, NK receptors, and cytotoxic receptors in expanded
y8 T cells, as reported in Study Il. Collectively, these data indicate that expanded
vS T cells, which exhibit upregulation of cytotoxic and NK receptors, are highly
suitable for allogeneic immunotherapy.

4.3.2 CD34: an optimal target for pre-transplant in
hematological malignancies conditiong? (Study II)

Despite the promising outcomes of allogeneic expanded Vy9Vé82 T in patients
with bone marrow blasts, the disease progression was observed by day 100 (16).
Therefore, after allogeneic y8 T cell therapies, these cells require long-term
persistence to enhance their functional activity (15, 16). BTEs are an attractive
immunotherapy approach that aims to improve tumor targeting and boost T cell
efficacy, including y8 T cells. The administration of BTEs relies on dose- and time-
dependent manner, which also offer a tolerated method to control overactivation
and mitigate cytokine release syndrome (207). Study Il serves as a proof-of-
concept study, with the objective to investigate the potential use of combining
expanded y8 T cells with CD34/CD3 BTE as an adjuvant therapy before aHCT. The
hypothesis is expanded y8 T cells have a safe and potent anticancer activity via
innate and adaptive mechanisms against hematological malignancy cells without
potentially aggravating GVHD, and their combination with CD34/CD3 BTE could
enhance their anticancer functionality. This approach can also be a treatment
option for patients who are ineligible for high-dose chemotherapeutics (186, 187,
207). We first confirmed the specific binding of CD34/CD3 BTE to CD3 expressed
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on expanded y8 T cells and to CD34+ cell lines (KGla, SUPB15, and Kasumi) but not
to CD34- cell line NALMG6.

4.3.3 CD34/CD3 BTE-induced y8 T cells cytotoxicity in
CD34+ leukemia (Study II)

To further strengthen the concept, we assessed specific cytotoxicity induced by
y8 T cells in combination with CD34/CD3 BTE. CD34+ cell lines (targets) co-
cultured with expanded y8 T cells (effectors) at an E: T ratio of 3:1, using increasing
concentrations of CD34/CD3 BTE or a control RSV/CD3 BTE at different time
points in vitro. In agreement with previous findings using conventional T cells
(208), our results demonstrate that CD34/CD3 efficiently elicits y§ T cell-
mediated cytotoxicity against CD34+ cell lines (KGla, SUPB15, and Kasumi) in a
dose-dependent manner at 24 h and 48 h, indicating the specific targeting of
CD34/CD3 BTE (Figure 23).

Although the specific killing rate was minimal at 4 h of co-culture, no significant
differences were found between the 24 h and 72 h time points, suggesting that
most of the specific cytotoxicity by y8 T cells occurred during the first 24h, with
early killing observed after 4 h (Figure 23). Furthermore, limited cytotoxicity was
noted in CD34- subpopulations of Kasumi cells and the NALM6 (CD34- cells)
when treated with CD34/CD3 BTE (1000 ng/mL). This effect may result from their
inherent sensitivity to activated y§ T cells post-expansion.

In contrast to aff T cells, y§ T cells combine the immunological characteristics of
both innate and adaptive immunity. The innate-immune characteristics of y§ T
cells can contribute to achieving more killing in the tumor cells (209). Through a
direct comparison, we demonstrated that y§ T cells in combination with
CD34/CD3 BTE exhibited superior antileukemic effect compared to pre-
stimulated af3 T cells or resting af3 T cells alone, suggesting y8 T cells as promising
T cell subset for cell-based therapy in combination with CD34/CD3 BTE before
proceeding to aHCT in future.
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Figure 23. (A) CD34/CD3 BTE-induced y§ T cytotoxicity in (A-1) KGla (n = 13), (A-II)

SUPBI5 (n = 4), (A-lll) CD34* population of Kasumi (n = 8) in co-culture assay at 24 h and
72 h. (A-IV, A-V, and A-VI) Comparison of cytotoxicity relative to the no BTE condition
at 24 h and 72 h of co-culture for each CD34+ cell line. (B) The cytotoxicity analysis of
the CD34/CD3 BTE at 1000 ng /mL in CD34+ cell line (KGla, SUPBI5, and Kasumi) and
CD34- cell line (NALMB6) across multiple time points following co-culture with y§ T cells.

Adapted from Study Il.
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4.3.4 CD34/CD3 BTE-induced cytokine release and y8 T cell
proliferation

We next aimed to analyze the cytokine production by y§ T cells in response to
BTE. Using FluoroSpot for a single-cell level definition, high concentrations of
CD34/CD3 BTE (100 and 1000 ng/mL) could induce high levels of cytokines (IFN-
¥, TNF-q, and granzyme B) by y8 T cells when co-cultured with KGla for 24 h. In
contrast, we found a minimal cytokine release in NALM6 (CD34- cells) or when
using RSV/CD3 BTE (Figure 24).
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Figure 24. (A) Cytokine analysis in FluoroSpot plate after 24 h of co-culture. (A-l, A-ll, A-
Ill, and A-IV) y§ T cells released a high level of cytokines when co-cultured with KGla
under (100 and 1000 ng/mL) of BTE, a limited release of cytokines in NALM6. Cytokine
responses were quantified as spot-forming units (SFU). Aparts from Study II.

We further measured cytokine levels in the co-cultured supernatant at 24 h and
48 h after the cytotoxicity assay using both the Luminex and ELISA platforms. The
Luminex assay revealed increased levels of IFN-y, TNF-a, MIP-1b, and FASL in KG1a
cells under high concentrations of CD34/CD3 BTE. In NALM6 (CD34- cells),
although cytotoxicity remained minimal, both BTE-induced detectable cytokine
release compared to the no BTE control. Further validation using ELISA confirmed
a dose-dependent increase in IFN-y production from y8 T cells co-cultured with
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KGla at 24 h in response to BTE, consistent with the pattern observed in other
cytokine analyses.

The different plate setups and cell numbers between the different immunoassay
(Fluorospot vs. Luminex/ELISA) may explain the disparity observed in the NALM6
condition. Moreover, the detectable cytokine release with RSV/CD3 in KGla or
both BTE in NALM6 (CD34- cells) is most likely due to CD3-targeting BTE.
Speculatively, this could be induced with other CD3-targeting BTE.

In addition to BTE's role in redirecting y8 T cells toward tumor cells, it markedly
increased their cytokine production. We then demonstrated whether y8 T cells
co-cultured with any target cells for 5 days using a high concentration of both
BTE could promote y8 T cell proliferation. Notably, both BTE provoked y8 T cell
proliferation, highlighting the role of CD3-targeting BTE in y§ T cell activation,
irrespective of target cell cytotoxicity. Surprisingly, this differs from our previous
finding, in which conventional T cell proliferation occurred only in response to
CD34/CD3 BTE and CD34+ target cells (208). These data suggest a clinical
promise for the in vitro expansion of Y5 T cells, preserving proliferative capacity in
vivo after re-infusion with BTE.

4.3.5 CD34/CD3 BTE induced y8 T cell-mediated lysis of
CD34+ AML blasts (Study II)

The CD34 expression on leukemic blasts in AML is commonly associated with
resistance to apoptosis and poor responsiveness to chemotherapeutic drugs
(203, 204). In our study, although the primary leukemia cells from AML patient
samples were limited (n = 3), we further evaluated the ability of CD34/CD3 BTE to
eliminate CD34+ AML blasts. In line with CD34+ cell line data above, y§ T cells
significantly induced dose-dependent killing of CD34+ blasts when co-cultured
with primary leukemia cells for 72 h in the presence of CD34/CD3 BTE compared
to RSV/CD3 BTE (Figure 25). These results support further investigation into the
efficient and selective CD34/CD3 BTE targeting for y8 T cell-mediated
cytotoxicity.
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Figure 25. (A-B) CD34/CD3 BTE-induced lysis of patients CD34+ AML blasts by y§ cells
after 72 h of co-culture. Adapted from Study II.

Furthermore, CD34 is also highly expressed in healthy hematopoietic stem and
progenitor cells and, to a moderate extent, in endothelial cells (210). Therefore, it
is crucial to assess their potential targeting effect by y§ T cells in combination
with CD34/CD3 BTE. In our study, neither the healthy CD34-intermediate
endothelial blood-brain barrier cell line (nCMEC/D3) at 24 h nor CD45dim CD34+
HSCs from healthy bone marrow (BM) samples (n = 3) at 48 h of co-culture were
affected by y8 T cell in the presence of CD34/CD3 BTE, suggesting that y8 T cell-
based CD34/CD3 approach might be safe for in vivo assays.

Overall, Study Il highlighted that CD34/CD3 BTE induced significant cytotoxicity
and robust cytokine release by y§ T cells against CD34+ primary blasts and CD34+
leukemia cell lines while sparing healthy cells. These findings suggest a promising
adjuvant therapeutic strategy for targeting LSCs, which could be translated
clinically in future. Nevertheless, these results warrant further research with larger
sample sizes and In vivo models to extend this concept.
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4.3.6 TQis a novel anticancer candidate in leukemia therapy
(Study lit)

Targeting distinct LSC states is challenging due to their plasticity, which is likely
patient-specific. Additionally, epigenetic modification and/or phenotypic
plasticity in LSCs may play a role in chemotherapy resistance and immune
evasion (201, 202, 211). The epigenetic modifications, including the re-expression
of tumor suppressive genes can be reversible by epigenetic drugs, which may
lead to apoptosis. Thus, the epigenetic drug could provide a therapeutic
opportunity to diminish LSCs' activity (201, 212). Yet, single use of epigenetic drug
such as azacitidine or decitabine alone, showed limited efficacy in treating
patients with? AML (213). Currently, a combinatorial approach has been initiated
to overcome relapse-dependent LSCs in AML patients (201). For instance, the
talazoparib drug acts as an inhibitor for PARP1 enzymes, resulting in the re-
expression of NKG2DL on LSCs, thereby sensitizing these cells for NK cell
cytotoxicity in vivo (211) . This strategy has been moved to a clinical trial
(NCT05319249) that involves PARP1 inhibition with subsequent infusion of
alloreactive NK cells.

With the current rise of the combinatorial approaches, TQ, a multitarget
epigenetic agent that acts as a hypomethylating agent and exerts a histone
deacetylase (HDAC) inhibitory effect in various cancers, including leukemia (173,
175) could be a promising candidate. It demonstrated anticancer effects as
monotherapy and/or synergistically with chemotherapies and
chemoimmunotherapy with a safely tolerated profile in preclinical models and
clinical trials (184, 214, 215). Based on the promising findings in Study Il, we aimed
to enhance y8 T cell multifunctionality by increasing tumor ligand expression on
leukemia cell lines: in Study lll, we introduced a combinatorial approach in which
low-dose TQ pre-treatment sensitizes leukemia cells to enhance their recognition
by expanded y§ T cells. This conditioning step may allow the low dose of
CD34/CD34 to further augment the antileukemic activity of y8 T cells in vitro.

Initially, we assessed the anti-proliferative effects of TQ on several leukemia cell
lines using the WST-1 assay. NALMG, KGla, and Kasumi cells were exposed to
increasing concentrations of TQ ranging from 0.1 to 50 uM for 24 and 72 h. TQ
significantly reduced the cell viability across all treated cell lines in a
concentration- and time-dependent manner, with a consistent reduction in cell
viability observed after 72 h of treatment. Markedly, NALM6 cells were more
sensitivity than KGla and Kasumi, which displayed increased resistance, as
reflected by higher ICs, values presented in Study lil.
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4.3.7 TQ-induced apoptosis and immunomodulation in
leukemia cells

To alleviate the drug cytotoxicity (189), we specifically investigated apoptosis and
immunomodulatory responses in leukemia cell lines treated with six selected
concentrations of TQ (all below 10 uM) at 24 h and 72 h under high cell density in
vitro. Our findings revealed that low-dose TQ (5uM) triggered apoptosis in
leukemia cell lines after 24 hours, with a notable increase in apoptotic cells,
particularly in NALM6 and Kasumi (Figure 26A & 26B). These findings are aligned
with prior studies demonstrating TQ-induced apoptosis at concentrations
ranging from 3-10 pM in different leukemia models (173, 215). In contrast, KGla
exhibited fewer apoptotic cells at 5 uM (Figure 26C), reflecting their resistance to
chemotherapy and immunotherapy (216).
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Figure 26. (A-C) TQ at 5 uM induced apoptosis in leukemia cell lines (A) NALM®6, (B)
Kasumi, and (C) KGla at 24 h. Adapted from Study IIl.
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The modulation of NKG2D ligands (MICA/B) and DNAM-1 ligands (PVR, Nectin-2)
on cancer cells is a promising approach to enhance y§ T-cell cytotoxicity (212,
217). For instance, bortezomib, an epigenetic drug, has been shown to upregulate
the NKG2D ligands ULBP2/5/6 in AML and ALL cell lines and enhance y§ T-cell-
mediated killing (217). This suggests that y§ T cells may achieve more robust
cytotoxicity when combined with drugs that induce the expression of stress
ligands.

Next, we evaluated the immunomodulatory effects of TQ after confirming that
5uM TQ is sufficient to induce apoptosis, albeit with varying sensitivity responses
among leukemia cell lines. At the same dose, we found significantly increased
Nectin-2 and MICA/B expression in NALM6 and Kasumi cells, respectively,
following TQ treatment compared to the vehicle control (VC) (Figure 27A and
27B). Moreover, we observed a trend of upregulated PVR expression in KGla cells
(Figure 27C) compared to the vehicle control (VC). However, this was not
statistically significant (p = 0.06), possibly attributable to the limited number of
replicates. While the frequency of CD34 remained unchanged in the CD34+
population in both KGla and Kasumi at 24 h and 72 h of TQ exposure. Importantly,
no significant changes were observed in PDL1 expression across all leukemia cell
lines or time points.

Consistent with other immunomodulatory agents, these findings indicate that a
low dose of TQ may increase the antigen recognition between the leukemia cells
and y8 T cells (217, 218).
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Figure 27. (A-C) TQ at 5 uM induced apoptosis in NKG2Dand DNAM-1 ligands in leukemia
cell lines (A) NALM6, (B) Kasumi, and (C) KGla at 24 h. Adapted from Studly .
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4.3.8Is TQ a sensitizer for leukemia cells in y8 T cell-based
BTE therapy?

To investigate how TQ would contribute to y8 T cell-based BTE therapy, we then
pretreated the leukemia cell lines (targets) with 5uM TQ for 24 h prior to co-
culturing them with expanded y8 T cells (effectors) at a ratio E: T (3:1) for an
additional 24 h. Our results indicated that TQ enhanced the susceptibility of
leukemia cells to Y6 T cell-mediated cytotoxicity, as evidenced by rapid killing
with increased proportions of apoptotic cells in the TQ-pretreated condition
compared to vehicle (VC) and untreated control in KGla, Kasumi, and NALMG cells
(Figure 28).
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Figure 28. TQ pre-treatment enhanced the sensitivity of leukemia cells to y6 T cell-
mediated cytotoxicity. Adapted from Study lll.

Given that TQ offered a synergistic effect in combination with chemotherapies
and immunotherapy in several cancers (183, 184) and having confirmed the
immune-sensitizing properties of TQ in these leukemia cell lines, we explored
whether this immune-sensitization effect could support the condition of y5 T cell-
based CD34/CD3 BTE approach: in the presence of CD34/CD3 BTE (100 ng/mL),
TQ pretreatment markedly enhanced y6 T cell-mediated killing in both the total
KGla cells and their CD34+ populations compared to vehicle (VC) and untreated
control, as accompanied by a significant increase in apoptotic cells (Figure 29).
Conversely, we observed an almost similar level of killing in both the total Kasumi
and their CD34+ populations across all the conditions, which is likely due to a small
fraction of CD34+ expressed in Kasumi, and most CD34+ populations might be
affected within the first 24 h of TQ pretreatment.
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Figure 29. The synergistic effect between the TQ pre-treatment and CD34/CD3 BTE

enhanced y8 T cell-mediated cytotoxicity against CD34+ leukemia cells. Adapted
from Study Ill.

Overall, Study lll in vitro indicates that a low TQ (5 uM) pretreatment can enhance
vS6 T cells mediated-cytotoxicity against leukemia cell lines. Following TQ
pretreatment, lower CD34/CD3 BTE concentration is sufficient to provide additive
cytotoxicity for further y§ T cells-mediated killing in CD34-expressing leukemia.
This combination offers a promising synergistic therapeutic approach in leukemia
therapy. However, further investigation is needed to assess the effect of repeated
TQ exposure, the use of nanoformulations to enhance TQ bioavailability. More
mechanistically, it would be also interesting to assess the impact of the changes
of Nectin-2 and MICA/B expression by using anti-NKG2D/DNAM-1.
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5 Conclusions

This thesis has investigated the role of y§ T cells in the context of aHCT and
therapeutic applications in hematological malignancies. Understanding long-term
y8 T cell reconstitution via powerful NGS and high-parameter flow cytometry
provides insights into the homeostatic steady state at the phenotypic and
clonotypic level, with a particular focus on clonotype dynamics and the role of
different subsets of y§ T and their association with clinical outcomes. We also
brought further knowledge on the antileukemic efficacy of y6 T cells in
combination with CD34/CD3 BTE and epigenetic drug such as TQ. These
combinations may provide a synergistic therapeutic strategy, paving the way to
improve the current approaches for patients with relapsed disease or those
ineligible for intensive conditioning regimens due to advanced age or
comorbidities.

Concluding remarks and key points of these studies:

e y8 T cell characterization in long-term survivors (recipients) post-aHCT

(Study )
o Long-term y8 T phenotype composition in long-term survival was
comparable to that of their matched donors.

o There were no significant differences in the regrade of diversity, clonality,
and gene segment usage between the recipients and donors, indicating
that TRG CDR3 composition is restored.

o The recipients' y8 T cell repertoire exhibited a private clonotypes with a
limited number of shared clonotypes compared to their matched donors,
suggesting a de novo generation of naive y§ T cells in the thymus.

o Y68 T-cells remain functional and provide long-term protection against CMV
after aHCT after long-term aHCT.

o cGHVD has a long-term effect on y8§ T cell reconstitution, which is likely
mediated by the overrepresentation of donor-derived peripheral clones
and the inverted V§1/V82 ratio in a small cohort of recipients.

o Upregulating HLA-DR in V81 T cells, which is possibly associated with
ongoing M/S cGVHD, could be a therapeutic target.

Overall, homeostasis is achieved in long-term y8 T cells reconstitution with a

normalised repertoire observed in TRG CDR3 composition.

e In our work about expanded y§ T cells in combination with CD34/CD3 BTE
and TQ (Study Il & Study liI)
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CD34/CD3 BTE boosted y8 T-specific cytotoxicity against the CD34-
expressing leukaemia cell line and CD34+ AML blasts in a dose-
dependent manner (Study II).

y8 T cells exhibited stronger killing capacity compared to pre-stimulated
ap T cells or resting o T cells (Study II).

CD34/CD3 significantly enhanced the cytokine production by y8§ T cells
(Study II).

vS T cells showed a further proliferative capacity in response to a high
CD34/CD3 BTE concentration (Study II).

y8 T cells did not exert specific cytotoxicity against healthy cells in the
endothelial blood-brain barrier cell line (h\CMEC/D3) and CD45dim CD34*
HSCs (Study II).

TQ displayed antiproliferative effects on leukaemia cell lines in a
concentration- and time-dependent manner (Study III).

A low dose of TQ (5 uM) induced apoptosis in leukemia cell lines at higher
cell density (Study II).

A low dose of TQ (5 uM) modulated the expression of NKG2D and DNAM-
1 ligands in leukaemia cell lines, particularly upregulating Nectin-2
expression in NALM®6 cells, MICA/B expression in Kasumi cells, and PVR
expression in KGla (Study III).

Pre-treatment TQ at (5 uM) increased the sensitivity of leukemia, leading
to enhanced y8 T cells-mediated cytotoxicity against leukemia cell lines
(Study ).

Finally, pre-treatment TQ (5 uM) in leukemia cells exhibited a synergistic
effect in combination with y8 T cell-based CD34/CD3 approach against
CD34+ expressing leukemia cells (Study IlI).



6 Points of perspective and Future direction

Parts of this thesis presented in Study | advance the current understanding of
long-term y6 T cell reconstitution after aHCT, particularly its association with
clinical outcomes. As these findings are generated from a limited sample size of
heterogeneous cohorts in terms of graft source, conditioning regimens, and GVHD
prophylaxis, further studies are needed to generalize and strengthen these
findings. Despite these limitations, our results provide a valuable foundation for
future research by raising several important questions:

Our repertoire analysis was restricted to the TCR y (TRG) chain without separating
the V81 and V62 repertoires. Given the observed association between expanded
donor-derived TRG clonotypes and inversion of the V81/V82 subset ratio in some
recipients with ongoing M/S cGVHD, future studies should analyze V61 and V&2
repertoires independently to gain detailed insights into their diversity, clonality,
and reconstitution dynamics. Furthermore, using single-cell TCR sequencing
would be interesting to further interrogate the simultaneous clonal expansion with
the gene expression in both TCR y and § chains at the single-cell level (219). The
single-cell TCR analysis will help to identify specific expanded clonotypes
relevant to cGVHD, emphasizing bulk RNA sequencing data as utilized in cancer
models (219, 220). Additionally, we observed upregulated HLA-DR expression in
V61T cells associated with cGVHD severity; however, the role of these cells is still
ambiguous. Therefore, performing mixed lymphocyte reactions with HLA-DR
blockade would provide a valuable approach to better understanding the
functional role of HLA-DR+ V&1 T cells in cGVHD development.

Due to the limited sample size in Study |, as well as the absence of intermediate
timepoint samples (e.g. pre- and 1-2 years post-aHCT) and the challenge of
obtaining long-term samples from survivors and their corresponding donors,
future studies will require large-scale, to overcome these limitations and provide
solid conclusions.

In Study II, CD34/CD3 BTE has shown a promising result as adjuvant therapy with
expanded y§ T cells targeting CD34+ leukemia cell lines and depleting CD34+ AML
blasts. Based on these findings in Study Il and Study lll, the next step is to explore
the potential role of expanded y8 T cells with CD34/CD3 BTE within an in vivo
xenograft model in the presence or absence of TQ given as oral gavage.
Additionally, our CD34/CD3 BTE construct can be re-engineered with multiple
targeting to improve tumor targeting (207). For instance, the C-type lectin-like
molecule-1 (CLL-1) is consistently expressed on the surface of CD34+ leukemic
blasts and LSCs across all stages at diagnosis and relapse, indicating a
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surveillance marker (221, 222). Moreover, CLL-1 expression is restricted to the
leukemic compartment, is associated with quick relapse and is almost negligible/
absent in normal HSC (221, 222). Thus, adding this would improve the targeting
with off-target toxicity against the normal cells.

With Study Ill, we have observed that TQ at (5 puM) induced the expression of
NKG2D and DNAM-1 ligands on leukemia cell line, thereby sensitizing them and
enhancing the anti-leukemic activity of y8 T cells. To strengthen these findings, it
would be interesting to perform a blocking assay for these ligands, confirming the
involvement of these pathways. Repeated exposure of leukemia cells to TQ at
doses below 5 uM would be of interest to determine whether it can provide a
more substantial induction effect on the expression of NKG2D and DNAM-1
ligands.

It would be interesting to examine the immune sensitizing effect of TQ on primary
leukemic samples in future studies. Additionally, performing RNA sequencing
would be valuable to evaluate TQ's epigenetic mechanisms on these leukemia cell
lines (175). TQ exhibits moderate oral bioavailability ~58% in the rabbit model
(159); thus, future studies should also investigate TQ-loaded nanoparticles in vitro
and in vivo. Since nanoparticle formulations are widely used to improve the
bioavailability of several drugs. They are smaller than cells, characterized by low
or non-toxicity, and can prevent the degradation of conjugated drugs, as
illustrated earlier in the case of TQ nanoparticles (157).
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