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Resumo

As células T yd desempenham fungdes importantes na interface entre o sistema imune inato e o
adaptativo. Em humanos, a recombinacdo V(D)J e a expansdo devida a antigénios ambientais
resultam em dois subtipos principais de células T y6: as células T Vy9V62, o subtipo predominante no
sangue periférico (PB); e as células T V&1, o subtipo dominante no timo pds-natal e nos tecidos
periféricos (e o segundo mais abundante no PB). Embora muito tenha sido dissecado na biologia de
células T Vy9V62, sabe-se muito menos sobre o repertério, reconhecimento e ativacdao das células T
V61*. Durante o meu projeto de doutoramento, aborddmos essas questdes usando uma combinagdo
de ensaios genéticos, bioquimicos e imunoldgicos.

Primeiro, aplicamos Next Generation Sequencing (NGS) a timécitos V61 altamente purificados
(FACS). A caracterizacdo do repertdrio revelou aspectos até agora desconhecidos no que diz respeito
aos repertérios TRG e TRD rearranjados e expressos por estes timdcitos. O nosso estudo constitui um
recurso que fornece novos dados e qualifica conclusdes prévias sobre o repertério do receptor de
células T (TCR) y& timicas humanas.Em seguida, exploramos o potencial imunoterapéutico das células
PB V&61*. Usando o nosso protocolo de grau clinico desenvolvido recentemente para expansao e
diferenciacdo de células Delta One T (DOT), descobrimos que elas sdo altamente citotdxicas contra
amostras primarias de leucemia mieldide aguda (AML) e linhas celulares, incluindo células
selecionadas para resisténcia a quimioterapia, sugerindo uma ampla capacidade de reconhecimento.
A injecdo de células DOT in vivo reduziu a carga de AML no sangue e 6rgdos de multiplos modelos de
xenoenxerto de AML humana e prolongou significativamente a sobrevivéncia dos animais, sem
qualquer toxicidade perceptivel, fornecendo a proof-of-concept para a aplicacdo de células DOT no
tratamento de AML. Finalmente, gracas a uma abordagem bioquimica desenvolvida em colaboracdo
com o laboratério de Julie Dechanet-Mérville, fornecemos novos conhecimentos sobre os
mecanismos de reconhecimento de células tumorais por células T y§, apoiando um novo modelo de
trabalho no qual a indu¢do de complexos CD3-TCR permite aos multiplos V61* y6TCR reconhecer
uma molécula do tipo "superantigénio" na superficie da célula-alvo, sem envolvimento da regido
CDR3, superando assim a necessidade de ligandos especificos para clones. Isto abre novos caminhos
para a investiga¢do num esfor¢o conjunto e continuo com nossos colaboradores.

No geral, a minha tese de doutoramento desvendou varios novos aspectos da biologia da célula T y6
V61*, desde o seu desenvolvimento no timo humano até ao seu potencial terapéutico contra células

tumorais, destacando assim a sua importancia dentro do sistema imunoldgico humano.

Palavras-chave: células T y§; analise de repertdrios y6TCR timicos; clonalidade do TCR y§; DOT targeting de

AML; identificacdo de ligandos



Summary

v& T-cells play important roles at the interface between the innate and the adaptive immune
systems. In humans, V(D)J recombination and expansions due to environmental antigens result in
two major subsets of y& T-cells: Vy9Vd2 T-cells, the predominant subtype in the peripheral blood
(PB); and V&61* T-cells, the dominant one in post-natal thymus and in peripheral tissues (and second
most abundant in PB). Whereas a lot has been dissected in Vy9V&2 T-cell biology, much less is known
about the repertoire, recognition and activation of V61* T-cells. During my PhD project, we addressed
these issues using a combination of genetic, biochemical and immunological assays.

First, we applied Next Generation Sequencing (NGS) to highly (FACS-)purified V61* thymocytes. Their
repertoire characterization revealed unsuspected aspects of thymic rearranged and expressed TRG
and TRD repertoires. Our study constitutes a resource providing new data and qualifying previous
conclusions on the TCR repertoire of human thymic y6 T-cells.

We next explored the immunotherapeutic potential of PB V&1* T-cells. Using our recently developed
clinical-grade protocol for expansion and differentiation of “Delta One T” (DOT)-cells, we found them
to be highly cytotoxic against acute myeloid leukemia (AML) primary samples and cell lines, including
cells selected for resistance to standard chemotherapy, suggesting a broad recognition domain.
Transfer of DOT-cells in vivo reduced AML load in the blood and target organs of multiple human
AML xenograft models; and significantly prolonged host survival, without any noticeable toxicity,
thus providing the proof-of-concept for DOT-cell application in AML treatment.

Finally, thanks to a biochemical approach designed in collaboration with the Dechanet-Mérville
laboratory, we provided new insights into the mechanisms of tumour cell recognition by yd T-cells,
supporting a novel working model in which inducing CD3-TCR complex clustering enables multiple
V61t yO8TCRs to recognize a “superantigen”-like molecule on the target cell surface, with no
involvement of the CDR3 region, and thereby overcoming the need of clonal-specific ligands. This
opens new avenues for investigation in a joint and continued effort with our collaborators.

Overall, my PhD thesis unravelled various new aspects of V61* y& T-cell biology, from their
development in the human thymus to their therapeutic potential against tumour cells, thus

highlighting their importance within the human immune system.

Keywords:

v& T cells; analysis of thymic y8TCR repertoires; yO6TCR clonality; DOT cell targeting of AML; ligand

identification
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1 Introduction

There are three main lineages of lymphocytes in jawed vertebrates that use genetically recombined
receptors to survey their environment and mediate host defence against disease: B cells, af T cellsand y6 T
cells. Although y& T cell have been described for the first time in the mid-1980s, this cell type is still the
least characterized among the main lymphocyte lineages. y& T cells operate at the interface between the
innate and adaptive immune systems. They share the expression of a somatically recombined T cell
receptor (TCR) with conventional T cells but their reactivity and dynamics of response align with innate
immunity. Despite various well described functions in immunity to infection and cancer, the molecular
requirements for y& T cell development in the thymus, or their activation upon antigen recognition in the
periphery, remain poorly defined?.

1.1 Immune System and Lymphocytes

1.1.1 Innate and Adaptive Immunity

The immune system is classically divided into two main effector arms: innate immunity, which provides the
first line of defence; and adaptive immunity which specifically recognizes and selectively eliminates foreign
microorganisms or transformed cells? (Table 1).

Innate immunity mostly consists of components that are already present before the onset of infection and
are thus not specific to a given pathogen. In fact, the first host-protecting barriers that a pathogen
encounters and need to transpose are physiological and anatomic ones, such as the skin or the mucosal
membranes. If a pathogen overcomes these physical barriers, the innate immune system contains a large
set of cells capable of discriminating between dangerous or beneficial microbes and will act within minutes
after pathogenic exposure, creating a protecting inflammatory response and subsequently regulating an
effective adaptive immune response®.

The innate immune system includes hematopoietic cells such as macrophages, dendritic cells (DC), mast
cells, neutrophils, basophils, eosinophils and natural killer (NK) cells. These cells are activated during an
inflammatory response and quickly differentiate into short-lived effector cells, ready to clear off the
infection3. Some of the main effector functions of innate immunity includes phagocytosis exerted by some
of these cells, like neutrophils and tissue macrophages; proinflammatory cytokines released by
macrophages, such as IL-6, IL-12 and TNF, which are endowed with antimicrobial activity®; activation of the
complement cascade to identify bacteria and promote their clearance®; release of reactive oxygen species
(ROS) by neutrophils, which are very cytotoxic for bacteria® elimination of infected cells by NK cells, that
are rapidly stimulated by innate cytokines, and release of cytolytic molecules such as granzymes and
perforin, which are crucial for the clearance of virus-infected and also tumour cells”2.



Table 1.1 Innate and adaptive immunity (adapted from 2)

Attribute Innate immunity Adaptive immunity
Receptors Not rearranged Rearranged
Distribution Population, non-clonal Clonal
Recognition Conserved molecular pattern Antigen specific structure
Self and

L "Perfect" selected over evolutionary time "Imperfect": selected in individual somatic cells
non-self discrimination

Action time Immediate Delayed

Co-stimulatory molecules

Cytokines Clonal expansion
Response Chemokines Effector cytokines
Phagocytosis Cytotoxicity
Cytotoxicity

On the other hand, adaptive immunity mediates reactions that are specific to antigenic challenges, thanks
to their ability of recognize antigen and selectively eliminate cells bearing that antigen. Therefore, adaptive
cellular immune responses are characterized by antigenic specificity, diversity and immunological memory.

The two major mediators of adaptive immunity are T and B lymphocytes, which develop in primary
lymphoid organs (thymus and bone marrow, respectively) and then traffic to secondary lymphoid organs
(such as lymph nodes and spleen) and tissues, where they can be exposed to antigens. It is important to
highlight that the innate and adaptive immune systems are not independent, but rather tightly linked and
interdependent: cells of the innate immune system are able to activate and recruit T and B lymphocytes,
which in turn can amplify innate immune responses®.

Moreover, the compartmentalization into innate and adaptive immunity is not really clear-cut (Figure 1.1).
Straddling at the interface between innate and adaptive immunity there are some cell types®®, namely B-1
cells, NKT cells and y& T cells, which are the focus of this thesis.
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Figure 1.1 The innate immune response is the first line of defence against infection. It consists of soluble factors, such as
complement proteins, and diverse cellular components including granulocytes (basophils, eosinophils and neutrophils), mast cells,
macrophages, dendritic cells and natural killer cells. The adaptive immune response is slower to develop but manifests as increased
antigenic specificity and memory. It consists of B cells, and CD4* and CD8* T lymphocytes. Natural killer T cells and y6 T cells are
cytotoxic lymphocytes that straddle the interface of innate and adaptive immunity0,

1.1.2 Hematopoietic stem cell (HSC) differentiation into T cells

Blood cells originate from common precursors named haematopoietic stem cells (HSC) (Figure 1.2), a
subset of pluripotent progenitors with the ability to differentiate into many different cell types and to self-
renew, thus maintaining their homeostasis by cell division. Human haematopoiesis starts with the
production of primitive erythroid cells containing embryonic haemoglobin in the embryonic yolk sac during
the first weeks of development. After this stage and around the third month of gestation, HSCs migrate
from the yolk sac to the foetal liver and spleen, and appear and start to differentiate in the bone marrow?.
HSCs are defined by the expression of CD49f and other markers, but their heterogeneity has not been
investigated. Subsequent steps in haematopoiesis towards the T cell commitment are the differentiation in
multipotent progenitors (MPPs), identified by the loss of CD49f expression, and in common lymphoid
progenitor (CLP) with the acquisition of CD10 and CD45RA expression'?. A finely tuned system of
transcription factors regulates this process. The commitment of a HSC to the CLP pathway is regulated by
different transcription factors, such as c-Myb, PU.1, GATA-2 and lkaros®. The following event in T cell
development, upon export of CLPs from the bone marrow to the thymus, is the commitment to the T cell
lineage, which involves additional transcription factors such as GATA-3 and Notch1!*. The crucial event that
later locks the commitment of a cell to the T cell lineage is the rearrangement of the gene loci encoding the
T cell receptor (TCR).
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Figure 1.2 Human immune cell populations. Origin and some of the most distinctive markers for the human hematopoietic cells of

innate and adoptive immunity (from Abcam: https://www.abcam.com/primary-antibodies/immune-cell-markers-poster)

Once the hematopoietic program is completed, the T cell compartment is formed but is not completely
functionally differentiated. T cells play several important roles in immune responses by directly secreting
soluble mediators or through cell contact-dependent mechanisms. Distinct T cell subsets, or differentiation
states, can be identified based on cell surface markers expressed and/or effector molecules produced by a
particular T cell population (Table 1.2). Although effector T cells were originally considered to be terminally
differentiated, a growing body of evidence has challenged this view and suggested that the phenotype of
effector T cells is not completely fixed but is more flexible or plastic. T cells can have ‘mixed’ phenotypes
and can interconvert from one subset phenotype to another, although instructive signalling can lead to
long-term fixation of cytokine memory. T cell plasticity can be important for adaptation of immune
responses in different microenvironments and might be particularly relevant for host defence against

pathogens that colonize different tissues>*®,

Table 1.2 Summary of current understanding of the surface markers, transcriptional regulators, effector molecules and functions of
the different T cell subsets that participate in immune responses. Adapted from 7

Surface

Transcription

Subgroup Cell Type phenotype factors Effector factors Function
Patrol through lymph nodes scanning
o TCR, CD3, peptide—-MHC class Il molecule
CD4, complexes on APCs for the presence
CD45RA, of their cognate antigen. Following
(2R CIUCC] CCR7, THPOK activation by APCs, naive CD4* T cells
. CD62Lhi, IL- differentiate into effector or
WERT 7R (CD127) regulatory T cells; activated naive T
cells also give rise to memory T cells.
af TCR, CD3, Patrol through lymph nodes scanning
CDs, peptide-MHC class | molecule
CD8" o T cell CDA5RA, RUNX3 complexes for the presence of their
CCR7, cognate antigen. Following activation



Cytotoxic T cell

Exhausted T
cell

Anergic T cell

Trl cell

Natural Treg
cell

Regulatory

Inducible Treg
cell

NKT cell

MAIT cell

CD8aa cell

v& T cell

Central
memory T cell

Memory

Effector
memory T cell

CD62Lhi, IL-
7R (CD127)

B TCR, CD3,
cD8

CD3, CDS8,
PD1, TIM3,
1B11, LAG3

B TCR, CD3,
BTLA

o TCR, CD3,
cb4

ap TCR, CD3,
CD4, CD25,
CTLA4, GITR

ap TCR, CD3,
CD4, CD25,
CTLA4, GITR

NK1.1,
SLAMF1,
SLAMF6,

TGFBR, Va24,

Jal8

Invariant
Va7.2,Jal9

apf or y6 TCR,
CD3, CD8aa,
B220

y& TCR, CD3,
NKRs

CCR7hi,
CD44,
CD62Lhi,
TCR, CD3, IL-
7R (CD127),
IL-15R

CD62LIow,
CD44, TCR,
CD3, IL-7R
(CD127), IL-
15R,
CCR7low

EOMES, T-

bet, BLIMP-1

BLIMP1

Not known

FOXP3,
STATS,
FOXO01,
FOX03

FOXP3,
FOXO1,
FOXO03,
STATS,

SMAD2,
SMAD3,
SMAD4

PLZF

BCL-6, BCL-
6B, MBD2,
BMk1

BLIMP1

Perforin, granzyme,
IFN-y

GRAIL, CBL-B, ITCH,
NEDD4

IL-10

IL-10, TGFB, IL-35

IL-10, TGFB

IL-4, IFN-y, IL-17A

IL-10, TGFB

IFN-y, IL-17A, IL-17F,
IL-22,

IL-2, CD4OL, low levels
IL-4, IFN-y, IL-17A

Rapid and high

production of

inflammatory
cytokines

by APCs, they differentiate into CTLs
and memory T cells.

Cytotoxicity through effector
molecules

Generated in response to chronic
antigen-mediated TCR stimulation.
These cells express inhibitory receptor
and lack effector cytokine production
These cells are generated following
TCR activation in the absence of co-
stimulatory signals. This leads them to
become unresponsive to subsequent
stimulatory signals.

IL-10 mediated immunosuppression.
These cells are generated from naive T
cells in the presence of TGFB and IL-27
Mediate immunosuppression and
tolerogenic responses through
contact-dependent and -independent
mechanisms. These cells are
generated in the thymus

Promote immunosuppression and
tolerance by contact-dependent and
independent mechanisms. These cells
are generated from naive T cells in the
periphery

Pro- and anti-inflammatory functions.
Can modulate the immune responses
in several different settings, including
cancer, autoimmunity, allergy,
infection and GVHD. CD1-restricted
TCR.

Their TCR is MR1 restricted but have
similarities to NKT cells

Gut intraepithelial lymphocytes. They
can develop intra- or extra-thymically.
v& TCR* cells express KGF, whereas off
TCR* cells do not. Most aff TCRs are
enriched for self-reactivity. They can
have regulatory functions through the
production of IL-10 and TGF.
Enriched at epithelial surfaces, can
have pro- and anti-inflammatory
functions. Have characteristics of both
innate and adaptive immunity
Preferentially reside in secondary
lymphoid organs, mounting recall
responses to antigens. Even though
these cells lack immediate effector
functions, they rapidly proliferate and
differentiate into effector T cells
following antigen stimulation.

Preferentially found in peripheral
tissues. They provide immediate
protection upon antigen challenge
through, for example, the rapid
production of effector cytokines.



Promote protective immunity against
intracellular pathogens. By secreting
IFN-y, they induce activation of

af TCR, CD3, macrophages and upregulation of
CD4, IL-12R, T-bet, STATA4, iNOS, leading to the killing of
UaEsCEL IFN-YR, STAT1 IFN-y, IL-2, LTa intracellular pathogens such as
CXCR3 Leishmania major, Listeria
monocytogenes and Mycobacterium
spp. Their development is regulated
by IL-12.
Promote humoral immune responses
af TCR, CD3, and host defence against extracellular
CD4, IL-4R, GATA3, parasites. However, they can also
TH2 cell IL-33R, CCR4, @ STAT6, DEC2, IL-4, IL-5, IL-13, IL-10 potentiate allergic responses and
IL-17RB, MAF, IRF4 asthma. Their development and
CRTH2 maintenance are regulated by IL-4, IL-
25 and IL-33.
Involved in host defence against
extracellular parasites, primarily
nematodes. Despite their production
THO cell af TCR, CD3, PU1L IL-9, IL-10 ofanti—inflamrr?at.ory IL-10, .they .
CD4 promote allergic inflammation. Their
Helper role in other inflammatory diseases
still remains unclear as this subset has
only recently been characterized
Promote protective immunity against
extracellular bacteria and fungi,
af TCR, CD3, mainly at mucosal surfaces. Also
TH17 cell CD4, IL-23R, RORyt, IL-17A, IL-17F, IL-21, | promote autoimmune and
CCR®, IL-1R, STAT3, RORa IL-22, IL-26, CCL20 inflammatory diseases. Generated in
CDi161 the presence of TGFB and IL-6 and/or
IL-21 and are maintained by IL-23 and
IL-1.
Identified in inflammatory skin
diseases. Their role in host defence
of TCR, CD3, remains unclear as this subset has
[lizzecl CD4, CCR10 AHR IL-22 only recently been characterized.
Their identity as an independent TH
cell subset needs to be confirmed.
o TCR, CD3,
CD4, CXCRS5, . . .
SLAM These cells are involved in promotion
TFH cell OX4OL’, BCL-6, STAT3 IL-21 of germinal centre responses and
CD4OL, 1COS, provide help for B cell class switching.
IL-21R, PD1

1.1.3 Theyd T cell lineage

v8 T cells have been discovered more than three decades ago®® but are still not well defined in terms of
their mechanisms of activation and target cell recognition. Despite the relatively small abundance of y&6 T
cells in the human blood, this lymphocyte population plays an important role at the interface between the
innate and the adaptive immune systems. These cells share T cell receptor (TCR) rearrangements and
memory functions®® with their ap T cell counterparts, but differ in their response kinetics and mechanisms
of target cell recognition. Thus, y& T cell activation is typically independent of antigen presentation by
major histocompatibility complex (MHC) molecules. Furthermore, y6 T cells bear a plethora of NK cell
receptors (NKRs) on their surface, which allow for very fast responses against infected or transformed
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cells?°, thus contributing to an earlier line of defence that precedes antigen-specific ap T cell responses?..
Unlike af T cells, there is little evidence of thymic negative selection of self-reactive yo T cells, but they
seemingly expand in the periphery in response to microbial or stress-induced antigens.

1.2 Theys TCR

What characterizes a y& T cell is the surface expression of a TCR composed by the variable y and a 6 chains.
The y6 TCR is a disulphide-linked membrane-anchored heterodimeric protein and member of the
immunoglobulin superfamily (Figure 1.3)*2. Each chain is composed of two

y chain 6 chain

extracellular domains: a variable (V) region and a constant (C) region, both of
Immunoglobulin superfamily (IgSF) domain. The constant region is proximal
to the cell membrane, followed by a transmembrane region and a short
cytoplasmic tail, while the variable region binds to the antigenic determinant
on the target cell. The variable domain of both chains has three hypervariable
or complementarity determining regions (CDRs)?2. The rearrangement of V, D,
and J region sequence elements during lymphocyte maturation creates an
enormous degree of diversity in an area referred to as the complementarity
determining region 3 (CDR3) loop that is therefore the main CDR responsible
for recognizing antigen?3. Variations in the used V, D, and J elements used,

precise points of recombination, and random nucleotide addition all lead to
extensive length and sequence heterogeneity. TCR delta CDR3s are the most
variable in size and are significantly longer than L and gamma chains,
respectively. In contrast, TCR alpha and beta chain distributions are highly

Figure 1.3 Schematic constrained, with nearly identical average CDR3 lengths, and their length
representation of the y6TCR distributions are not altered by thymic selection. Perhaps most significantly,

these CDR3 length profiles suggest that y& TCRs are more similar to Igs than
to af TCRs in their putative ligand binding region?*, suggesting that they may have fundamentally different
recognition properties.

1.2.1 Genomic organization of the TCR y and & Loci

In humans, y& T cells have a small repertoire of V gene segments to select from when undergoing chain
rearrangement in comparison with those available for Vo (43—45)%, VB (40-48)%, Ig light (IgVk 34-38, IgVA
29-33)?"%8 or Ig heavy (38-46)* chain rearrangement. All the genetic information including the V, D, J
segments and the C regions required to express functional y& TCRs are encoded in the TRG and in the TRD
loci. The human TRG locus is located on chromosome 7°° at band 7p15-p143}, is reverse-oriented and spans
160 kb. It consists of 19-22 genes: 12-15 TRGV belonging to 6 subgroups, upstream of a duplicated J-C
cluster, which comprises, for the first part, 3 TRGJ (TRGJP1, TRGJP and TRGJ1) and the TRGC1 gene, and for
the second part, 2 TRGJ (TRGJP2 and TRGJ2) and the TRGC2 gene (Figure 1.4). Two haplotypes with 12 or 14
TRGV genes correspond to allelic polymorphism by insertion or deletion of the TRGV4 and TRGV5 genes. A
rare haplotype with 15 TRGV genes that includes the TRGV3P gene has been detected by Southern
hybridization analysis but has not been sequenced®. Among the TRGV genes 4-7 are functional (Vy2, Vy3,
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Vy3P, Vy4, Vy5, Vy8 and Vy9), 3 are in ORF (Vy1, Vy10 and Vy11) and 5 are pseudogenes (Vy5P, Vy6, Vy7,
VyA and VyP)* (Table 1.3).
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Figure 1.4 Location of the TRG gene (left) and genomic organization of the TRG locus (right).

On the other hand, the human TRD locus is forward-oriented, it spans 60 kb and is embedded in the TRA
locus between the TRAV and TRAJ genes on chromosome 1434 on the long arm at band 14q11.2% (Fig 1.2A).
It comprises a cluster of 10 genes: 1 TRDV, 3 TRDD (D1, D2, D3 and D4) and 4 TRDJ (J1, J2, J3 and J4), the
unique TRDC gene and 1 TRDV in inverted orientation at the 3’ of the TRDC gene. 1 TRDV gene is located at
360 kb of TRDC, among the TRAV gene (Figure 1.5). 5 genes described as TRAV/DV have been found
rearranged to either TRDD or to TRAJ and can therefore be used for the synthesis of 6 and a chains. Except
for the TRAV29/DV5 that can be functional or not according to the haplotype, all the described TRDV and
TRAV/DV, TRDD, TRDJ and TRDC are functional (Table 1.3). Nevertheless, only three main V& gene
segments, V61, V62 and V&3, are most frequently used in rearrangement of the & chain; less commonly
used are the five V segments that have both V6 and Va designation (V64/TRAV14, V85/TRAV29,
V86/TRAV23, V67/TRAV36 and V68/TRAV38)%.
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Figure 1.5 Location of the TRD gene (left) and genomic organization of the TRD locus (right).

Table 1.3 TRG and TRD variable segment groups and functionality. ORF = Open Reading Frame; F = Functional; * = Allelic
polymorphism by insertion/deletion, with no reported functionality; F** = Allelic polymorphism by insertion/deletion, reported to be
functional in some haplotypes; P = Pseudogene.

TRGV TRGD
Subgroup Gene name Functional Gene name  Functional

TRGV1 ORF TRDV1 F
TRGV2 F TRDV 2 F
TRGV3 F TRDV 3 F
TRGV3P * TRAV14/DV4 F

1 TRGV4 F* TRAV23/DV6 F
TRGVS F** TRAV29/DV5 F
TRGV5P P TRAV36/DV7 F
TRGV6 P TRAV38.2/DV8 F
TRGV7 P
TRGV8 F

2 TRGV9 F

3 TRGV10 ORF

4 TRGV11 ORF

A TRGVA P

B TRGVB P




1.2.2 V(D)J rearrangements

The somatic assembly of the TCR generates a diverse T cell repertoire and is an essential component of
thymocyte development that instructs numerous cell lineage and cell fate decisions. TCR genes are
assembled through V(D)) recombination, a site specific recombination process directed by the lymphoid-
specific recombinase RAG (composed of RAG1l and RAG2) and ubiquitously expressed DNA repair
proteins3®. RAG proteins create double-strand breaks at recombination signal sequences (RSSs) that flank
TCR variable (V), diversity (D) and joining (J) gene segments, and these breaks are subsequently resolved by
nonhomologous end joining. A successfully recombined y chain is composed by the rearrangement of a
TRGV and TRGJ segment whereas a 6 chain results from the TRDV, TRDD and TRDJ rearrangement.

The TRG V-J rearrangements create a combinatorial diversity of 20-30 recombinations. However, most of
the y6 T cells from the peripheral blood express predominantly y6 T cell receptors with a V9-JP-C1 y chain.
The TRD V(D)J rearrangements (D-J then V to D-J rearrangements) create a combinatorial diversity of 36-
224 recombinations. Two or three TRDD may be used in a V-D-D-J and V-D-D-D-J rearrangements leading to
192 or 224 potential recombinations, respectively. One important additional mechanism contributing to
the T cell receptor y and & chain diversity is the N (for nucleotides) diversity, which results from the
deletion and/or the addition of nucleotides at random position by the terminal deoxynucleotidyl
transferase and creates regions not encoded in the germline DNA at the V(D)J junction. There are up to four
N diversity regions in the V(D)J junctions in the & chains comprising 3 TRDD. Altogether these mechanisms
lead to a combinatorial diversity of 10*y and 10 & chains®3. A second type of nucleotide insertion, termed P
(palindromic), occurs adjacent to nontruncated V, D or J segments®” and it is constituted by a very short
inverted repeat of the adjacent full-length gene segment. These insertions are quite infrequent since occur
in <10% of endogenous junctions, but have been demonstrated to happen when the terminal
deoxynucleotidyl transferase activity is absent®® and as consequence of resolution of a hairpin precursor
during the V(D)J segment rearrangement3. Taking this into account, it is noteworthy that rearranged TCR
delta genes can be very diverse at the V(D)J junctional region, since they can include D-D recombination
which potentially increase the number of possible sequence combinations, and introduce additional sites
for variable, template-independent N nucleotide insertion

Although the thymus can generate all the possible combinations of TRG and TRD genes, the major y6 T cell
population in peripheral blood (PB) expresses a TCR composed by Vy9 recombined with JP and paired with
V624, In fact, this specifically rearranged Vy9Vv62* T cell subset is mostly produced during foetal life but still
constitutes the major y& T cell subset in adults. Antigen-driven stimulation in the periphery underlies a
strong and specific expansion of this subset after birth and during the lifespan of each individual. This topic
will be further discussed in the next paragraph.

1.2.3 Foetal and post-natal y6 T cell development

The human y& T cell repertoire global architecture undergoes several drastic changes from foetal to post-
natal life. Indeed, the y6 PBMCs from healthy individuals are mostly composed of Vy9V82* lymphocytes,
typically comprising 1-10% of total peripheral blood T cells and starting to expand during childhood*.

These cells have the ability to respond to small pyrophosphate antigens (pAg) in a TCR-dependent manner,
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a process relying on target cell expression of the butyrophilin (BTN) family member BTN3A1%*™%°, However,
the expression pattern of y and 6 chains and their rearrangement change as ontogeny proceeds. More in
detail, V& gene expression in the post-natal thymus can be distinguished from that occurring in foetal
thymus, most clearly by the developmental change in V82 expression. V62 is the most conspicuously
expressed 6 gene segment in the foetal thymus and, as reported so far, may be even the earliest V6 gene to
be expressed. Hence, a high abundance of V62-encoded y6 TCRs in the foetal thymus may at least in part
be determined at the level of differentially regulated V6 gene expression, but further experimental
evidences are needed. Strikingly, the thymic expression of V62 is drastically reduced soon after birth and
this is consistent with the rarity of V82 encoded TCRs in the post-natal thymus*. On the other hand, there
is no Vy gene predominantly expressed throughout foetal thymic ontogeny and, in particular, Vy9 is not the
predominant Vy gene in the foetal thymus, despite the propensity of its product to pair with V62.
Expression of Vy9 also declines dramatically in the post-natal thymus*®**’. Other events changing the
repertoire architecture take place as ontogeny proceeds. Indeed, the nucleolytic activity, meaning the N
trimming of the sequences at the V(D)J joins, and the addition of N-nucleotides increase and this change is
especially evident in post-natal D83 and J& sequences, maybe reflecting true changes in enzymatic activity.
For some reason, the increased nucleolytic activity does not seem to act on the V6 gene segments: the 3’
breakpoint of both V61 and V65 segments are strikingly limited and similar at all foetal and post-natal time
points. In addition to the increase in N nucleotide diversification due to nucleolytic activity, there are also
changes in gene segment utilization. The earliest V6-Dd recombinations involve only D&3. At 17 weeks, V65
joins show usage of D61 and D62 elements whereas these are only rarely apparent in V81 joins at the same
time. These data further support a model for regulated utilization of different gene segments in different
sets of cells, with several populations of cells being present in the thymus at any one time. A model for
regulated utilization of different gene segment is also suggested by the distinct shift to J61 usage in post-
natal thymus. Summarizing, as ontogeny proceed, junctional diversity increases, through at least three
mechanisms: regulated utilization of more gene segments, increased N nucleotide insertions with more
nucleolytic activity and increased variability in gene segment breakpoints?,

Another big change happening straight after birth is a consistent shift in V6 chain expression from V62 to
V61. This change is then reflected in the difference between peripheral blood and thymus y& cell
distribution and, as consequence, it is particularly apparent at the level of Vy9 cells, which in the peripheral
blood is mostly expressed in the absence of V61, while in the thymus it appears to be equally distributed on
V61 and V&1* cells. In addition, most of the adult Vy9V62* cells express a receptor of very restricted
molecular composition consisting of a Vy9-JP-Cy1 chain paired with a 6 chain carrying the V62 segment. In
sharp contrast, thymic Vy9 is rarely rearranged to the JP segment, being mostly joined to J2 and
occasionally to JP1, J1 and JP2 and express the Cy2 isotype. On the other hand, V61 gene products pair
with various Vy with no clear biased for any Vy; and are preferentially joined to Cy2*’. Therefore, compared
to thymic repertoires, the peripheral y6 TCR repertoire appears therefore to be non-random at four levels:
V gene usage, V-J combinations, pairing of V& chains to the Cy1 or Cy2 isotype and pairing of Vy and V&4,

As mentioned before, Vy9Vv82* T cells dominate the y6 T cell repertoire*® by mid-gestation (20-30 weeks -
Figure 1.6) and V61* T cell generation increases later in gestation, until this population comprises the
majority of the y& repertoire in cord blood and in paediatric thymus*°. This change in chain expression is
not reflected in the composition of adult y6 repertoires from healthy subjects, in which the Vy9V62* subset
persist as the most abundant. Microbial exposure is responsible for the dramatic postnatal numerical
expansion of Vy9Vé2* T cells, which ultimately dominate the circulating y& T cell repertoire during
childhood®®>!. Consistent with this, Vy9V62* T cells mature in phenotype early after birth concomitant with
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their numerical expansion; moreover, several infections stimulate Vy9V62* expansion, and tellingly,
identical twins have different Vy9v82* profiles®.

In addition, another event influencing the Vy9V62* T cell architecture takes place during the prenatal life.
As summarized in Figure 1.6, Vy9V62* T cell development is shaped by both prenatal and postnatal events,
which impact Vy9Vv62* TCR repertoire and phosphoantigen (pAg) reactivity. Importantly, the human
Vy9V62* TCR repertoire is composed of highly public Vy9 chains, resulting in a semi-invariant repertoire
largely preconfigured from birth for pAg reactivity®2. Alongside public Vy9 sequences, the V52" repertoire is
very diverse and private, and changes between neonatal and adult V62* TCR repertoires suggest several
selection events throughout life. V62-J63 TCRs are prevalent in cord blood and these may be positively
selected in foetal development for recognition of host pAgs, or alternatively, these rearrangements may be
preferentially generated in early gestation. V62-J61 chains with longer CDR3 and hydrophobic amino acids
at position 5 ultimately dominate the V62* repertoire in adults, and these may be selected from rare
rearrangements in cord blood following microbial pAg exposure, or further Vy9vé62* T cell generation may
occur in the postnatal thymus. Nevertheless, these selection events produce a repertoire that exploits the
somatically recombined Vy9V62* TCR as a surrogate pattern recognition receptor to sense pAgs.
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Figure 1.6 Schematic depiction of Vy9V62* T cell generation and selection throughout life. Vy9V52* T cells as a percentage of total
peripheral blood yé T cells throughout life (black line, left axis). J6 usage among Vy9V82* T cells (red lines, right axis) throughout
life*t,

1.2.4 The Vy9V562* TCR Repertoire in Healthy Adults: features for antigen responsiveness

Early studies identified Vy9V&62* TCR features required for pAg responsiveness. Interestingly, adult V62
CDR3s are highly diverse, composed of V62 mainly joined to only one D segment (usually D&3), and typically
used J segment 181°*%4. Additionally, a hydrophobic amino acid, typically Val/Leu/lle at position 97 of the
V82 framework generated by N-nucleotide addition, was required for pAg recognition®>. Conversely, Vy9
gene segments are relatively restricted in CDR3y sequence and length, and exclusively utilized JyP and
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constant region Cy1%°3%¢ Several public clonotypes, generated by germline recombination with no N-
nucleotide addition and minimal N trimming, have also been identified and conserved irrespectively of age,
sex and race®®8, This could be the result of a strong postnatal peripheral selection and amplification of
specific clonotypes following microbial exposure> or can be the product of a convergent recombination.
Indeed, the most prevalent public clonotype®® can be generated by near-germline recombination of Vy9
and JyP gene segments with minimal nucleotide trimming and no N-nucleotide addition, incorporation of
one or more palindromic (P)-nucleotides, addition of one or several non-templated (N)-nucleotides by
terminal deoxynucleotide transferase (TdT), resulting in the same amino acid sequence, highlighting the
presence of public sequences arisen via many independent recombination events in each donor from high
frequency precursor sequences®,

1.2.5 How to study the TCR repertoire

The generation of an adaptive immune receptor repertoire can be considered a strategy that uses
individual cell clones within the multicellular organism to mimic the ability of microbial populations to
rapidly undergo multiple rounds of reproduction, diversification and evolutionary selection, providing a
successful counter-strategy partially overcoming the competitive disadvantage of organism whose
generation times are measured in years rather than minutes®®. This clonal diversity is extremely useful to
the host but has constituted a major barrier to the comprehensive study of the adaptive immune receptors
until quite recently, with the introduction of high-throughput DNA sequencing (HTS) methods.

1.2.5.1 Sequencing strategies

Pioneering work studying complex Ig/TCR loci and V(D)J gene rearrangements involved traditional
molecular techniques like cloning, probe hybridization and Sanger sequencing 52%*. Some important general
features of the loci and the first characterization of the receptor repertoires have emerged from these
pioneer studies, but the low throughput workflow limited the ability to fully assess the repertoire diversity.
This issue was solved only recently with the advent of HTS technologies, that allowed the generation of
massive amounts of data on the receptor diversity in human subjects, leading to new challenges in data
analysis, sharing and archiving. Most of the current data in the literature and in public archives was
generated using the Roche (454), Illumina and lon Torrent instruments®. Common to the different
platforms is the initial workflow: the starting materials are converted into double stranded DNA molecules
which are then bounded with barcoded adapters for the ligation into linear DNA molecules. An important
technical decision prior to starting is the choice of template (genomic DNA or cDNA synthesized from either
total RNA or mRNA). This will lead to a different outcome: using gDNA for HTS will allow the sampling and
the analysis of productive and unproductive V(D)J segment rearrangements for specific applications; using
RNA as template will give a greater likelihood of capturing a more complete representation of clonal
distribution and frequency®. After the library generation, the dsDNA molecules are bounded with
adapters. The adapters themselves work as bridge between the resultant library with either micro beads or
a flow cell, for the amplification through emulsion polymerase chain reaction (PCR) or bridge PCR.
Moreover, because of the close proximity of rearranged V(D)J segments, the PCR amplification can be
designed to include the full V(D)) region using various gene-specific primer strategies, therefore allowing

the amplification of the critical CDR3 sequence and providing sufficient information to examine many of the
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receptor features including the analysis of receptor diversity, detection clonal expansions, or tracking of
particular clones and clonotypes®. By definition, a clonotype is a unique nucleotide sequence that arises
during the gene rearrangement process for that receptor®’. Therefore, each y& T cell has two clonotypes,
one for the y chain and one for the 6 chain. After the PCR amplification, the reaction product must be
sequenced, and this step will be different among the distinct platforms: Roche 454 employs a
pyrosequencing strategy whereas lllumina and lon Torrent use a sequencing-by-synthesis strategy (Figure
1.7).
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Figure 1.7 Graphic representation of the library construction, templating and sequencing process of HTS platforms. Different types
of starting materials are converted into double stranded DNA molecules which are then bounded with barcoded adapters for
ligation into linear DNA molecules. Adapters enable the bounding of the resultant library with either microbeads or a flow cell, for
amplification through emulsion PCR or bridge PCR. The ensuing clonal amplicons are then deposited on the picotiter plate, chip or
glass slide for sequencing depending upon the sequencing platforms. Adapted from®8

In more details, pyrosequencing is a method of DNA sequencing that relies on the detection of
pyrophosphate release and the generation of light upon nucleotide incorporation; during the sequencing-
by-synthesis, a fluorescently labelled and reversible terminator is imaged as each dNTP is added, and then
cleaved to allow incorporation of the next base. Since all four reversible terminator dNTPs are present
during each sequencing cycle, natural competition minimizes incorporation bias. The result is true base-by-
base sequencing that enables accurate data for a broad range of applications. The method virtually
eliminates errors and missed calls associated with strings of repeated nucleotides (homopolymers).
Therefore, the main difference in the sequencing step is that Roche (454) and lon Torrent platforms use
reaction mixtures containing only one of the deoxynucleotide triphosphates (ANTPs) per sequencing cycle,
whereas lllumina uses a mix of all four dNTPs with nucleotide-specific fluorophores in each sequencing
cycle®’. While the lon torrent and Roche platforms produce longer reads (table 1.4), they are more
vulnerable than the lllumina platform to sequencing errors in homopolymer regions. Possibly owing partly
to this and also due to continual length improvements (the current longest supported runs yield paired-end
sequences of 300 bases on the Illumina MiSeq), lllumina instruments have become the dominant platform

for Ig repertoire sequencing®%,
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Table 1.4 Comparison of the three-leading benchtop HTS platforms

Sequencing Read length/ .
Company Platform . Advantages Disadvantages
chemistry Output
Expensive
Long read length Low throughput
Roche 454 Pyrosequencing 400-500bp/35Mb = . 2 e
Fast run time Homopolymer
errors
Least number of errors
Sequencing b High throughput Long run time
Ilumina MiSeq 9 g ¥ 2*300bp/15Gb & enp &
synthesis Low cost Short reads
Fully automated workflow
5 iner b Short run time
equencin
Life Technologies | lon proton . th g U 200bp/10Gb Highly scalable High error rate
synthesis
Low cost

1.2.5.2 Bioinformatics pipelines for the pre- and pro-processing analysis of adaptive immune repertoires

The bioinformatics and other data analysis approaches
applied to the generated HTS data are critical for deriving

biologically meaningful results. Some features in

processing raw HTS data from adaptive receptor repertoire

sequencing experiments are common to all studies and can

be grouped as pre-processing workflow (Figure 1.8). For

HTS data generated from paired-end DNA sequencing,
such as on the Illumina MiSeq instrument, early steps
involve merging of read-pairs followed by demultiplexing
of barcodes to determine sample identity and extraction of
unique molecular identifiers (UMIs). Many pipelines will
include primer and library adapter trimming to remove
sequence data derived from the experimental protocol
and, as last step, quality filtering. Merged and trimmed
reads are then aligned to the V, D and J germline
segments, enabling analysis of the degree of exonuclease
shortening of segment ends and the addition of non-

templated nucleotides (N) in the segment junctions that

Final Repertoire {_
FASTQ \

occur during the V(D)J recombination®. The most popular Figure 1.8 Bioinformatics pipeline for the pre-processing

choices for the alignment to the germline segments are analysis of the adaptive immune repertoires

IMGT/V-QUEST®®, IgBLAST’® and MiXCR"%.

1.2.5.3 Software used for TCR repertoire analysis

If the pre-processing analysis until the alignment to the germline sequences can be considered universal for
the adaptive immune repertoire analysis, most of the useful information can be obtained through the post-
processing analysis, a more personal and subjective way of analysing adaptive immune repertoires. In this
section | will briefly describe the software employed to obtain the data present in this PhD thesis, from the

alignment to the germline sequences to the post-analysis of the T cell receptor repertoires.
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MiXCR™ is a universal framework that processes big immunome data from raw sequences to
guantitated clonotypes. MiXCR handles paired- and single-end reads, considers sequence quality,
corrects PCR errors and identifies germline segments and hypermutation employing a built-in
library of reference germline V, D, J and C gene sequences for human and mouse based on
corresponding loci from GenBank’2. Since it also captures all CDRs and framework regions of
immune genes, MiXCR can also assembles identical reads into clonotypes.
IMGT® is a web portal that provides the high-quality results of germline alignment and junctional
analysis for the antigen receptor repertoire sequences generated from HTS. The results are based
on the use of standardized gene and allele nomenclature, standardized description and
delimitation of labels (especially for the CDRs and FRs regions), and extensive and accurate analysis
of the junctional regions. It analyses up to 150,000 nucleotide sequences per batch and performs
statistical analysis on the results of up to 450,000 sequences®.

VDJ tool” is a complementary software suite that solves a wide range of T cell receptor (TCR)

repertoires post-analysis tasks, providing a detailed tabular output and graphics. VDJtools analysis

routines can be grouped into 6 modules:

1. Basic statistics and segment usage module include general statistics (clonotype and read count,
number and frequency of non-coding clonotypes, convergent recombination of CDR3 amino
acid sequences, insert size statistics, etc), spectratyping (distribution of clonotype frequency by
CDR3 length), V and J segment usage profiles and their pairing frequency in rearranged
receptor junction sequences.

2. Repertoire overlap module includes routines for computing sets of overlapping clonotypes and
their characteristics, and scatter plots of clonotype frequencies.

3. Diversity analysis includes routines for visualizing clonotype frequency distribution, computing
repertoire diversity estimates and rarefaction plots.

4. The fourth set of routines can be used to create clonotype abundance profiles and track
clonotypes in time course of vaccination, myeloablation and blood cell transplant.

5. Sample clustering is implemented based on computed repertoire similarity measures and could
be used to distinguish various biological conditions, cell subsets and tissues.

6. Auxiliary routines provide means for clonotype table filtering (e.g. by segment usage or non-
coding CDR3 sequence) as well as annotation with custom or pre-built pathogen-specific
clonotype database.

tCR’ is an R package for the post-analysis of TCR repertoires that integrates widely used methods

for individual repertoires analyses and TCR repertoires comparison. Its features consist of: gene

usage comparison, customisable search for clonotypes shared among repertoires, spectratyping,
random TCR repertoire generation, various repertoire diversity measures and other commonly
used approaches to the repertoire analysis. The tCR statistics include counts and percentages of

TCR nucleotide and amino acid clonotypes, V and J gene usage, clonal count skewness and

distribution of CDR3 sequence lengths

Vegan’ is an R package that provides tools for descriptive community ecology. It has most basic

functions of diversity analysis, community ordination and dissimilarity analysis. This software was

employed to estimate the Shannon index diversity. The measure was originally proposed by Claude

Shannon to quantify the entropy (uncertainty or information content) in strings of text. The idea is

that the more different letters there are, and the more equal their proportional abundances in the

string of interest, the more difficult it is to correctly predict which letter will be the next one in the
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string. The Shannon entropy quantifies the uncertainty (entropy or degree of surprise) associated
with this prediction.
e Treemap’®is a R package useful for space-filling visualization of hierarchical structures

1.3 yd T cell signalling

v T cell immune functions depends on their ability to become activated, differentiate, kill the infected or
transformed cells and switch off their activity. These processes are finely tuned by different classes of
surface receptors that transform extracellular stimuli into downstream intracellular signals. In particular,
these surface receptors influencing yo T cell physiology could be clustered in five subtypes types: the T cell
receptor (TCR) complex, costimulatory receptors, cytokine receptors, NK receptors, and inhibitory
receptors®.

1.3.1 The yé TCR complex

The y& TCR itself has no intrinsic signalling capacity and it is organized in a multimeric complex to exert its
function after antigen recognition. More in detail, the y& TCR complex is composed by a clonotypic yé TCR
heterodimer, by the CD36¢ and/or CD3ye dimer and by the { dimer, following the final TCRy6CD3g,y60,
stoichiometry”’. The TCR-dependent intracellular cascade starts when the Src-family kinases (SFKs) Lck and
Fyn phosphorylate the immunoreceptor tyrosine-based activation motifs (ITAMs) in the CD3 cytoplasmic
domains’®. SFKs have been shown to be indispensable in y& T cells activation’® but how their recruitment
takes place is still unknown, since CD4 or CD8, the mediators of SFK recruiting upon ofTCR ligation’®, are
not expressed in most y6 T cells. Secondly in the signalling cascade is the phosphorylation and activation of
Zap70, event that in turns facilitates phosphorylation of the scaffolding proteins SLP-76 and LAT. The so
formed supramolecular complex (signalosome) allows the recruitment of PLCyl, resulting in the
propagation of downstream signalling events®.

In the case of Vy9V62* T cells, whose TCR specificity is described in 1.5.5, their ligand is able to trigger bona
fide Vy9V&62* TCR signalling through an induced rapid and persistent PKC-dependent phosphorylation of
ERK1/2, p38 MAPK, and JNK. These events result in NF-kB and AP-1 activation as well as in the release of
MIP-1a, MIP-1B, IFN-y, and TNF-a®!. Moreover, antigen stimulation and CD3-crosslinking produced identical
phosphorylation of the signalling proteins Zap70, PI3K, LAT, ERK1/2, and p38 MAPK?%83; and induced highly
sustained calcium signalling in Vy9V82* T cells 84,

1.3.2 Costimulatory Receptors

The best described costimulatory receptor, CD28, has historically yielded paradoxical results on y& T cells®.
Although CD28 is constitutively expressed on around 60% of freshly isolated y& T and on around 10% of
activated cells, its stimulation promotes survival and proliferation via IL-2 production®, but in contrast to
af T cells, TNF-a production in Vy9V62* T lymphocytes is independent of CD28 co-stimulation and highly
dependent on TCR-induced p38 kinase?’. Another important player in the co-stimulation to the y& TCR is
CD27, a protein of the tumour necrosis factor receptor (TNFR) superfamily; in fact, engaging CD27 with its
natural ligand CD70 enhanced Vy9V62* T cell expansion in vitro, whereas both anti-CD27 or anti-CD70
17



antibodies blocked this effect. CD27 signalling cascade, indeed, induces calcium fluxes and upregulation of
Cyclin D2 and Bcl2al gene expression, promoting cell cycle and anti-apoptosis respectively®. Upon
activation, y6 T cells can also express another TNFR superfamily member, CD30%’; its expression potentiates
calcium fluxes induced by TCR activation and enhances pro-inflammatory cytokine production®.
Interestingly, activated Vy9V62* T cells also express high levels of 4-1BBL (CD137L), which acts as a ligand
for 4-1BB on T and NK-cells and participates in Vy9V82* T cell activation due to its known reverse signalling
ability%19?

1.3.3 Cytokine Receptors

Interleukins are key determinants of T cell survival, proliferation, and differentiation. IL-7, IL-15, and IL-2
are essential for lymphocyte development and homeostasis; upon inflammation, other cytokines, namely,
IL-1B, IL-12, IL-18, IL-21, and IL-23, take a central role in determining T cell functions. Among those, IL-7
together with an agonist-mediated TCR stimulation seems to support the expansion of human IL-17-
producing y8 T cells®, a subset of y& T cells that is commonly implicated in inflammation®:. Other cytokines,
such as IL-15 and IL-2, are involved in human y6 thymocyte differentiation into functional effector cells,
promoting cytotoxicity and IFN-y production and their potent antitumor functions. Indeed, our group has
shown that while ex vivo-isolated y6 thymocytes produce negligible IFN-y and lacked cytolytic activity
against leukaemia cells, stimulation with IL-2 or IL-15, but not IL-4 or IL-7, promoted thymocyte
differentiation via the MAPK/ERK signalling pathway towards inducing de novo expression of the
transcription factors T-bet and eomesodermin, as well as the cytolytic enzyme perforin, required for the
cytotoxic type 1 program. Unexpectedly, TCR activation was dispensable for these stages of functional
differentiation®®. These data supported previous findings showing that, IL-15, in contrast to IL-2, activates
tumour-specific y& T cells through IL-2RB and IL-2Ry, but not IL-2Ra. These enhanced in vitro tumour-
specific and proliferative responses of y& T cells seen with IL-15 suggest a rational adjuvant
immunotherapeutic use of y& T cells in cancer patients®. However, additional reports on peripheral
Vy9V62* T cell cultures showed that IL-15 or IL-2 stimulation, despite efficient ERK and AKT activation, were
not sufficient to induce effector responses; these required phosphoantigen-dependent TCR activation and
downstream calcium mobilization®®®’. Importantly, IL-2 and IL-15 play key roles in the peripheral expansion
of Vy9V82* T cells in response to microbial phosphoantigens or synthetic drugs like bisphosphonates®8,

Effector y6 T cell differentiation is also greatly impacted by inflammatory cytokines, particularly IL-12 and
IL-18 that typically promote IFN-y production; and IL-1B and IL-23 that mostly drive IL-17 production. Type 1
differentiation is also predominant in human y& T cells, and can be further enhanced by IL-18%1% or |L-
2191, The induction of a type 17 program in human y& T cells requires persistent stimulation with 1L-23 for
neonatal Vy9v82* T cells'®%; and IL-23 and IL-1B in the presence of TGF-B for adult Vy9V82* T cells!?3104,
Finally, IL-21 was recently suggested to endow human Vy9Vé62* T cells with B-cell helper activity associated

105,106

with a T follicular helper cell-like phenotype , which may impact on the generation of high affinity

antibodies against microbial infections.
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1.3.4 Natural Killer Receptors

v& T cells also express of a wide set of germline-encoded receptors that were initially described and
thought to be restricted to NK cells, and hence are collectively known as NK receptors (NKRs), including
natural cytotoxicity receptors (NCRs). This is an important key characteristic that allows them the
recognition of transformed cells.

The most characterized NKR in y& T cells is the C-type lectin-like NK receptor group 2 member D (NKG2D).
NKG2D binds extracellularly to multiple ligands that belong to the MICA/ MICB and ULBP families in
humans and that are induced upon cellular stress, such as DNA damage, and thus resulting in immune
activation immune silencing %1%, Beside these described functions, a primary stimulatory versus a
costimulatory role for NKG2D in y8 T cells was matter of debate®>1%°. The costimulatory function of NKG2D
in human Vy9Vv62* T cells was supported by additive effects on TCR-mediated activation, with an
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upregulation of cytokine production upon MICA-NKG2D interactions
calcium mobilization and cytotoxic activity®®. The primary stimulatory function was supported by the
NKG2D-mediated activation of y& T cells in the absence of TCR engagement. Indeed, NKG2D ligation can
upregulate CD69 expression in Vy9V82* T cells to similar extent as TCR stimulation!'’. Moreover, NKG2D but
not TCR blockade can inhibit Vy9V82* T cell cytotoxicity against various haematological tumours!2, Another
NKR implicated in tumour cell recognition by Vy9Vé2* T cells is DNAX accessory molecule-1 (DNAM-1), an
Ig-like family glycoprotein. It has been showed indeed that antibody-mediated DNAM-1 blockade impaired
Vy9V62* T cell cytotoxicity and IFN-y production against hepatocellular carcinoma lines expressing Nectin-

like-513.

In addition to the physiologically expressed NCRs, V61* T cells from blood can stably express NKp30 and
NKp44, which had been previously regarded as NK-specific markers, but only after cytokine- and TCR-
mediated induction! (see section 1.6.1).

1.3.5 Inhibitory Receptors

After an efficient activation and deployment of effector functions, it is necessary to negatively regulate the
immune response in order to return to a homeostatic level. Although y& T cells rarely express CTLA-4, they
can upregulate PD-1 upon activation, while they constitutively express BTLA. Therefore, these two
receptors may be the key to control the negative phase of y8 T cell responses?.

Programmed death-1 (PD-1), known to be critical for the negative regulation of the immune response, is
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absent or low expressed on circulating Vy9V&62* T cells but can be rapidly induced upon activation'*> and

can act in two ways: through the phosphorylation of its cytoplasmic tail, recruiting negative regulators that
block Lck activity downstream of the TCR complex!'®; and augmenting the activity of the protein
phosphatase and tensin homolog (PTEN), thus impairing survival, proliferation, and IL-2 release!¥. The
expression of the ligand PD-L1 on tumour cells is an important tumour escape mechanism, inhibiting
Vy9Ve2* T cell cytotoxicity and IFN-y production. However, zoledronate treatment and consequent Vy9Vvé2*

TCR activation seemed to overcome the inhibitory effect of PD-1/PD-L1 interactions?®,

B- and T-lymphocyte attenuator (BTLA) is member of the CD28 family and structurally related to PD-1 and
CTLA-4. The binding to its ligand (herpesvirus entry mediator (HVEM)), induces attenuation of cellular
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activation and growth!®, Indeed, BTLA engagement with HVEM reduced TCR-mediated signalling and
inhibited Vy9Vv&2* T cell proliferation, also in response to lymphoma cells. Conversely, BTLA-HVEM blockade
using monoclonal antibodies enhanced Vy9V62* TCR signalling and may thus have therapeutic potential for

the positive manipulation of y8 T cells 1*°.

1.4 yd T cell development and homeostasis

While o T cells undergo positive and negative selection in the thymus depending on their TCR avidity for
thymically expressed self-antigens 1%, there is little evidence supporting the hypothesis of human y& T cells
being or not positively and/or negatively selected in the thymus. Indeed, post-natal human y& T cells seem
to only complete their maturation program in the periphery, especially upon infection challenge that their
triggers clonal expansion®>%21-124 Thys, the goal of post-natal thymic development seems to be the
generation of a highly diverse, naive and immature human y& T cell repertoire. As such, the main event for
developing y6 T cells is the generation of a functional TCR through the rearrangement of the variable (V),
diversity (D) and joining (J) segments and subsequent pairing of the rearranged y and & chains. These
events alone could lead to the establishment of a large number of diverse antigen receptors, but the
addition and/or subtraction of non-templated (N) and palindromic (P) nucleotides at the gene segment
junctions contribute substantially to increasing diversity, providing nearly limitless potential to the yd TCR
repertoire!® .

1.4.1 6 cell lineage commitment and thymic development

of and yo T cells derive from a common bipotent progenitor and it is believed that the choice between the
two lineages is the first decision made by progenitors after they commit to the T cell lineage!?®!?’. Double
negative (DN) CD4CD8 thymocytes rearrange three out of four TCR loci: Terb, Tcrg and Terd™®. The cells at
this stage are arrested in proliferation and require TCR expression to re-enter cell cycle. If a cell succeeds in
an in-frame Tcrb rearrangement, it expresses TCRP in a complex with the germline-encoded pre-TCRa (pTa)
chain. Expression of the pre-TCR complex leads to a burst of proliferation, upregulation of the CD4 and CD8
coreceptor, silencing of Tcrg and initiation of Tcra rearrangement, which results in the excision of the Tcrd
locus. If Tcra is productively rearranged, CD4*CD8* double positive (DP) thymocytes express TCRap at the
cell surface and can further differentiate. The progression through the DP stage is the hallmark of af
lineage commitment. Progenitors that productively rearrange Tcrg and Tcrd loci express the y& TCR at the
cell surface. These cells likewise undergo a burst of proliferation but most them avoid progression through
the DP stage and egress the periphery with a DN phenotype.

Early explanations of the divergent development of these cells arose from an observation that y6 T cells
appeared in the mouse thymus prior to aff T cells, hence suggesting that the progenitor was poised to
preferentially give rise to a y& T cell®®. This timing dependent or stochastic model was directly opposed by
the discovery of a y gene silencer that resulted in normal aB T cell frequencies in y6 T cell transgenic
mice!?, As the absence of this silencer led to reduced aB T cell frequencies, a second instructional model
was proposed whereby the uninhibited expression of y& TCR or pre-TCR (pTa/TCRB) would directly result in
development along the y8 or ap lineage?®1?°, Subsequent studies investigating this theory at a single cell
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level showed that DN3 progenitors expressing pre-TCR or y& TCR retained the potential to progress towards
either lineage, hence discounting the original instructional model*?%3°, These findings among others lend
direct support to a quantitative signal strength model, whereby the amount of signal accumulated
downstream of the TCR would drive the differentiation of progenitors along either lineage?”:13%133, More
specifically, the model suggests that a strong y& TCR signal would result in higher activation of the ERK-
MAPK pathway, leading to a higher induction of the Early Growth Response (EGR1, EGR3) transcription
factors and their target Inhibitor of DNA binding 3 (1d3)*** %, |d proteins are direct inhibitors of E2A, a
helix-loop-helix protein, which serves an important role in thymocyte development as a checkpoint
regulator'®”. As proposed by the signal strength hypothesis, the higher accumulation of Id3 results in
stronger inhibition of E2A, and thus expression of y6 T cell hallmark genes. Conversely, weaker signals
through the Notch receptors and pre-TCR would result in more modest accumulation of 1d3, and hence
weaker inhibition of E2A leading to further development along the aP lineage'?’. Although it has been
proposed that in some instances the simple expression of the y& TCR is sufficient to initiate the
differentiation signals®*®3°, more recent evidences point the possibility of an active role for the yd TCR —
ligand interaction during the development of at least some subsets with known ligands in mouse!3%14°,

It can therefore be concluded that differences in signal strength dictate aff versus yb lineage choice through
modulation of lineage specific transcription factors. It is then also likely that within these distinct lineages,
the graded signals downstream of each TCR results in differential regulation of transcription factors

essential for the functional maturation of effector subtypes®*..

Finally, y& T cell differentiation program is not completed in the thymus and it does not require TCR/co-
receptor activation in the periphery. Indeed, it has been demonstrated that after the commitment of a
precursor cell to the y6 T cell lineage, human y8& thymocytes are functionally immature!*. Given that

8143 and express

circulating y& peripheral blood lymphocytes (PBLs) display type 1 effector properties
memory markers!*, human y8 T cells must thus complete their differentiation in the periphery where they
become strongly biased toward IFN-y production (type 1 effectors). Interestingly, IL-2 or IL-15 and not IL-7
signals are sufficient to drive the differentiation of human y& thymocytes into effector cells producing IFN-
v/TNF-a and therefore endowed with potent cytotoxicity against tumour targets. In addition, and
unexpectedly, TCR activation was not required in vitro for the functional differentiation of human yé
thymocytes'*2. This might mimic a second step in y8 T cell functional differentiation that could be provided
by activated and IL-2 producer T cells (either y& T cells themselves or their af counterparts) or IL-15 by

myeloid and epithelial cells in the periphery.

1.4.2 Peripheral y6 T cell homeostasis and response to challenges

After the egress from the thymus, post-natal human y6 T cells are functionally immature and seem to
complete their maturation program only in the periphery®®, especially upon infection challenge that triggers
clonal expansion?1™1241%5 As result, the pool of adult y6 T cells in peripheral blood always contains variable
degrees of highly proliferated oligoclonal sequences, with individual clones occasionally reaching
frequencies over 20% of all TRG and TRD sequences. Notably, clonotypic expansions leading to the
establishment of adult repertoires were relatively stable over time!?>!%4 |n contrast, neonatal y& TCR
repertoires are more diverse and less focused on a few proliferated Vy9* and Vy9%2,
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More in detail, in the case of V&1* cells, the clonal expansion was accompanied by phenotypic
differentiation and a distinct functional biology. Neonatal and unfocused TCR repertoires are enriched with
apparently naive V581* populations characterized by a CD27"CCR7*CD28'IL-7Ra*CD62L* and with
characteristics of naive cells, such as responsiveness to IL-7, secondary lymphoid homing receptors, slow
proliferation after TCR stimulation and low cytotoxic marker expression. Conversely, the adult TCR
repertoires showing clonally expanded cells display a CD27'/"¢CCR7"*8CD62L°CD28"IL-7Ra"8 phenotype
and a functional effector status. This was indeed characterized by fast activation and proliferation in
response to TCR/ CD3 stimulation, upregulation of cytotoxic markers, cytokine responsiveness and homing
receptor expression!?,

Additionally, beside the aforementioned semi-invariant characteristic of the adult Vy9* repertoire in
Vy9V62*, adult TRG Vy9VE2 repertoires have a consistent fraction of overlapping sequences, whereas a
huge diversity among proliferated TRD repertoires was observed, with rarely any identical TRD sequence
shared by adults. Thus, it is tempting to conclude that the TRG repertoire is public and the TRD repertoire is
private!?>124 The presence of shared and public TRG sequences raises the question of whether y& T cells
bearing these sequences have been selected by a specific cognate antigen. Supporting this hypothesis,
proliferation of V61* T cells, but not of V62" T cells, is often correlated to viral infection, as shown after
infection with CMV following kidney transplantation and in allo-HSCT patients!*¢ 1%, Indeed, patients
experiencing reactivation of CMV systematically displayed strong clonal proliferation of heterogeneous
V61*, V83* and unconventional V82* clones that precisely correlated with viral activity'?2. Clonal expansion
of the y6 T cells expressing some specific CDR3y sequences was also observed in pulmonary tuberculosis
patients with M. tuberculosis (Mtb) infection. The number of unique CDR36 sequences was significantly
increased, suggesting increased CDR3 diversity in the TRD repertoire of this cohort'®. Taking these
considerations into account, it is possible to state that each y& T cell repertoire could reflect an individual
history of immunological exposure.

Not only pathogenic factors, but also host factors participate in shaping the y& TCR repertoire. Indeed, in
the case of regeneration of TRG and TRD repertoires after allo-HSCT, the global architecture of the
repertoires after transplantation were qualitatively comparable to the hosts' before transplantation.
However, the new clonotypes very different from the ones from the hosts' repertoires before
transplantation, which suggested that they were generated de novo in the host thymus from donor stem
cells'??, Another example is given by the recent analysis of the intrahepatic y8 T cell pool. These cells are
enriched for clonally expanded effector T cells, whereas naive yd T cells are largely excluded. Moreover,
whereas a distinct proportion of circulating T cell clonotypes was present in both the liver tissue and
peripheral blood, a functionally and clonotypically distinct population of liver-resident y& T cells was also
evident, suggesting that factors triggering yd T cell clonal selection and differentiation, such as infection,
can drive enrichment of y& T cells into liver tissue, allowing the development of functionally distinct tissue-
restricted memory populations specialised in local hepatic immune surveillance!®,

1.5 y&é T cells in immune surveillance

The involvement of y& T cells in different pathophysiologic processes is reflected in their wide array of
effector functions. They can kill infected, activated and transformed cells, through pathways involving the
engagement of death-inducing receptors, such as FAS and TNF-related apoptosis-inducting ligand receptors
(TRAILR); they can also release cytotoxic effector molecules, such as perforin and granzymes, which are
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usually responsible for the clearance of tumour cells™®. y6 T cells are known to kill a vast repertoire of

tumour cell lines and primary samples in vitro, such as leukaemia, lymphoma, melanoma, neuroblastoma
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and several types of carcinoma®. In addition to their cytotoxic functions, y6 T cells are also able to produce
a large array of immunomodulatory cytokines involved in protective immunity against virus and
intracellular pathogens (TNF and IFN-y), extracellular bacteria and fungi (IL-17) and extracellular parasites
(IL-4, IL-5, and IL-13); importantly, such cytokine responses can also have deleterious effects, such as
tumour-induced inflammation, autoimmunity, allergy or asthma®®'"'>* Additionally y& T cells have the
ability to downmodulate innate and adaptive immune effector cells through the production of TGF-$ and
IL-10%%; and can also promote tissue healing and epithelial cell regeneration®®®. Human y& T cells can also
affect the outcome of immune responses in a more indirect way, acting as APC for af cells and also

regulating humoral immunity®’.

1.5.1 Therole of y& T cells in tumours

Intra-tumour y6 T cells emerged as the most favourable cancer-wide prognostic population in a recent
study based on transcriptional signatures'®®. Both main subsets of y& T cells can contribute to this
phenomenon. Indeed, both V61" and Vy9V62* T cells have potent antitumor activity, inhibiting cancer cell
proliferation, angiogenesis, lymphangiogenesis, and increasing cancer cell apoptosis!®¥1®%11 However, a
functional subset of y6 T cells, characterized by their production of IL-17, can promote the accumulation
and expansion of immunosuppressive cells and expedite the development of a variety of cancer types®2.
Indeed, it has been reported that Vy9V62* T cells can be polarized into y& T17 cells (producing only IL-17),
v6 T1/17 cells (producing both IFN-y and I1L-17), y& T1 cells (producing both IFN-y and TNF-a) and y6 T2 cells
(producing increased IL-4) with distinct cytokines being required for their polarization initiation and
maintenance!?®163164 Because of their plasticity, y6 T cells can therefore be viewed both as being a “friend”
or a “foe” of cancer progression®,

v6 T cells can exert a direct antitumoral role in several ways. First, after migrating to the tumour local
environment, y6 T cells can lyse cancer cells through the perforin-granzyme pathway in a TCR and NKG2D
dependent manner, both in vitro against several patient-derived cancer cells and neck squamous
carcinoma®®®'®” and in vivo as shown in renal carcinoma®®®. Second, y6 T cells can eliminate cancer cells
through TRAIL and FasL'®¥'7%, Third, y& T cells can kill cancer cells via antibody-dependent cellular
cytotoxicity (ADCC). ADCC occurs when CD16 (FcyR Ill) present on y& T cells binds to the Fc region of IgGs,
which constitutes another means of y& T cell target recognition. CD16 can also be up-regulated on y6 T
cells, depending on the precise biological situation. Binding to its target may trigger either cytotoxicity or
other effector functions (e.g., IFN-y secretion)’%172, Lastly, y& T cells are an important early sources of IFN-
y and TNF-a!”>'74 inhibiting cancer growth through several mechanisms, such as enhancing of antitumor
immunity, and inhibiting cancer angiogenesis'’>. However, y8 T cells can also exert their antitumor effect in
indirect ways by interacting with B cells, DCs, aB T cells, and NK cells. After co-culture of Vy9Vé2* T cells
with IPP and IL-21, Vy9V&62* T cells polarized toward a lymphocyte subset displaying features of follicular B-
helper T (Tfh) cells secreting IL-4, IL-10, and CXCL13, and help B cells to produce antibody in vitro®>1%, y§ T
cells can also act as antigen presenting cells (APCs) for aB T cell priming, upregulating CD36, a scavenger

176,177

receptor involved in the uptake of apoptotic cells by immature DCs and macrophages .v6 T cells trigger
DC maturation and, in return, DCs induce the activation and proliferation of y6 T cells, enhancing their
cytotoxic and immunoregulatory functions’®. Finally, y& T cells induce robust NK cell-mediated antitumor

cytotoxicity through CD137 engagement, enhancing NK cell cytotoxicity to NK-resistant cancers®..
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On the other hand, y& T cells have been reported to support cancer progression by promoting angiogenesis
in gallbladder cancer, ovarian cancer, as well as others cancer types!’®®, Indeed, y& T17 cells can be a
major source of IL-17, which induces the production of vascular endothelial growth factor, as well as other
angiogenesis related factors. Moreover, given that IL-17 is one of the main chemo-attractant driving forces
for the recruitment of myeloid derived suppressor cells (MDSCs)6%181182 it facilitates cancer progression in
several types of cancers, including: breast cancer, colorectal cancer (CRC), and hepatic carcinoma. Innate
v6 T17 cells could therefore convert cancer-elicited inflammation into immunosuppression through MDSCs.
Finally, y6 T17 cells can affect neutrophils in breast cancer through the secretion of IL-18 and that stimulate
their expansion and polarization. These tumour-induced neutrophils acquire the ability to suppress
cytotoxic T lymphocytes carrying the CD8* antigen, which in turn facilitates the establishment of
metastases'®, and also peripheral Vy9V62* T cells!84185,

Additional findings highlighted that human breast tumour infiltrating V61*yd T cells could inhibit DC
maturation and their APC functions, resulting in an impaired naive aff T cell activation and differentiation
into effector T cells*®. Furthermore, in pancreatic ductal adenocarcinoma, it has been shown that y6 T cells
express high levels of PD-L1 and support pancreatic oncogenesis by restraining a T cell activation®®’. The
broader relevance of these findings remains to be established.

1.5.2 Ligands recognized in tumours

Early research on the molecular mechanisms of y6 T cell recognition in the 1990s led to the realization of its
unusual independence of peptide processing and MHC-restricted presentation, in marked contrast with of8
T lymphocytes!®19, One of the first lines of evidence came from non-peptidic prenyl pyrophosphates (a
pAg) recognized by Vy9Vv82* TCRs¥®1%2, Among these compounds, isopentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate are natural intermediates of the mevalonate pathway of isoprenoid and
steroid synthesis in eukaryotic cells. Importantly, the dysregulation of the mevalonate pathway in some
tumour cells allows for the accumulation of these pAgs, thus promoting Vy9V62* TCR-mediated
recognition®®. Furthermore, treatment with zoledronate or pamidronate (which are approved drugs) was
shown to be very effective at inducing the accumulation of intracellular pAgs like IPP, and thus potentiate

TCR-dependent Vy9V82* T cell cytotoxicity against tumour cell targets, including cancer stem cells®,

Besides sensing PAgs, yo T cells seemingly recognize transformed cells through proteins that are expressed
at the cell surface in a stress-induced manner. Some examples are typically endogenous proteins, such heat
shock protein 60'%71% or FI-ATPase!®’, that can be ectopically expressed on the cell membrane upon
transformation and recognized by Vy9Vé62* TCRs to promote tumour cell lysis. More recently, endothelial
protein C receptor (EPCR), which acts on the coagulation cascade, was shown to be exposed on the cell
surface during transformation and recognized by a V82" (Vy4V&5) TCR™ 8, Similarly, Annexin A2, expressed
on tumour cells in response to increasing quantities of reactive oxygen species, engaged directly with a
Vy8V83 TCR¥™. The identification of these rather different ligands highlights the complexity of tumour cell
recognition via y& TCRs (Figure 1.10). This notwithstanding, it is clear that y& T cells also rely on “NK-like”
mechanisms for tumour cell recognition, using receptors originally thought to be specific to NK cells.

Consensual in the scientific community is the role of NKG2D, which is widely expressed not only in NK cells
but also in most y& T cells?°%2%%, In human y& T cells, both V&1* and V82* subsets, NKG2D was shown to be
responsible for recognition of tumour cells expressing MHC class | chain-related (MIC) A/B10201-204 5r UL16
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binding protein (ULBP) 1/2/3/4 ligands!1?169205-208 | fact, human carcinoma samples from lung, breast,
kidney, ovary, and prostate cancers expressing MICA or MICB presented higher levels of infiltrating V61* T
cells, which in turn were able to target and kill autologous and heterologous tumour cells. Our group’s work
revealed that ULBP1 was particularly important for leukaemia and lymphoma cell recognition by pAg-
activated Vy9vs2* T cells'?. Notwithstanding, one should note the relevance of a synergistic TCR
engagement for an efficient cytotoxic response?°?%’, In fact, some works suggested that MIC or ULBP
recognition by y§ T cells is not only restricted to NKG2D but also involves the y& TCR?%2%°, A similar
recognition pattern was also observed against human MutS homolog 2 (hMSH2) ectopically expressed in
epithelial tumour cell lines. Both Y0 TCR and NKG2D were able to interact with hMSH2 and contribute to
V62* y8 T cell-mediated cytotoxicity and IFN-y production?®®210,

Besides NKG2D, DNAM-1 was also shown to be widely expressed in V&1*, V62*, and V61°V62™ y6 T cell
subsets and masking DNAM-1 on y8 T cells significantly inhibited tumour cell killing?''?!2, DNAM-1-
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dependent y& T cell recognition was reported for hepatocellular carcinoma'®?, acute
myeloid leukaemia, and multiple myeloma?®3 cell lines. More specifically, Vy9V82* T cells were shown to use
DNAM-1 to interact with Nectin-2 and PVR that are widely expressed in the tumour cell targets!!321,
Curiously, PVR engagement potentiated y8 T cell cytotoxicity, whereas Nectin-2 blocking did not affect it'®3.
Tumour targets that expressed both DNAM-1 and NKG2D ligands were able to engage both receptors on yé
T cells, having a synergistic effect on their cytolytic activity!'*?12213, Moreover, therapeutic strategies that
enhanced the expression of NKG2D or DNAM-1 ligands, such as MICA/B and ULBP1/2, or Nectin-2 and PVR,
respectively, potentiated y6 T cell recognition of colon cancer, glioblastoma, multiple myeloma, and

lymphoma cells?1427,

1.5.3 Recognition of infected cells by human y& T cells

Multiple lines of evidence since the late 1980s have shown that y6 T cells display strong activities against
bacteria, viruses and parasites. Indeed, y6 T cells play an important role in the response to M. tuberculosis
(Mtb), since y& T cells and mainly Vy9V&2* from healthy human donors, selectively expanded in vitro in the
presence of Mtb*'8220 |t was also observed that DCs infected with Bacillus Calmette-Guérin (BCG) rapidly
induced the activation and proliferation of Vy9v52*2%L, Purified blood y& T cells proliferated vigorously in
response to Mtb and in the presence of PBMCs. Also, y& T cells could not proliferate on their own in the
absence of CD4 T cells or exogenous IL-2 but could upregulate CD25 (IL-2R), suggesting that interaction with
Thl-type CD4 T cells were necessary for efficient activation of peripheral blood y& T cells by Mtb?%,
However, patients with pulmonary tuberculosis had reduced numbers of Mtb-reactive Vy9Vvé2* cells in
their blood and lungs. This was due to an increased apoptosis and could be explained by a rapid induction
of Fas and FasL in y& T cells upon presence of Mtb antigens. Blocking the Fas-FasL interaction resulted in a
75-80% reduction of apoptosis??®. Vy9V62* T cells are also involved in immunity to Yersinia enterocolitica.
They undergo through a marked proliferation step when in contact with Yersinia-infected lymphoblastoid
cell lines or fixed intact Yersinia but not heat-inactivated Yersinia. Moreover, Vy9V82* T cells killed infected
mismatched cells more efficiently than autologous targets??*. The role of Vy9V2* cells was also studied in
an ex vivo co-culture model of human PBMC responses to Escherichia coli: Vy9V62* cells underwent rapid
TCR-dependent proliferation and functional transition from cytotoxic, inflammatory cytokine immunity, to
cell expansion with diminished cytokine but increased costimulatory molecule expression, and capacity for
professional phagocytosis with a myeloid-like APC response in response to Escherichia coli infectious
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stimuli?®. A protective role for Vy9V82* T cells during Salmonella infection was also hypothesized. y& T cells
fraction is indeed increased in Salmonella infected patients and also in other bacterial infections. Moreover,
when PBLs from normal individuals were cultured with live Salmonella, y6 T cells were preferentially
activated and expanded. Most of them expressed a Vy9Vv&2* TCR*®. Finally, in vitro Vy9V&82* T cell
expansion was also induced by coculture with Listeria monocytogenes infected cells??’. 70-fold and 110-fold
increase in absolute numbers of Vy9V62* cells were registered by day 5 and day 15 of infection in patients
affected by listeriosis. These expansions were long-lasting, persisting up to four months after
infection?28229,

vd T cells also participate in the immune response to several viral infections, becoming activated and
homing to the sites of viral replication. Significant long-term expansions of V62" but not V62 y& T cells were
observed during CMV reactivation early after allo-HSCT'*® and after renal transplantation*, suggesting a
direct involvement of y& T cells in anti-CMV immune responses. Additionally, significantly higher numbers
of V&2 y& T cells were detected in CMV-seropositive healthy persons compared to seronegative donors
whereas the absolute numbers of V62" cells were not significantly different: y6 T cell expansion is indeed
concomitant with the resolution of CMV infection and disease, regardless of the CMV serologic status of
donor and recipient before transplantation?®. Interestingly, V62~ y& T cells were found as naive cells in
CMV- patients but exhibited the cytotoxic effector/memory phenotype in CMV* patients. This complete
remodelling of the V62~ y6 T cell population by CMV predicts their ability to exhibit an adaptive anti-CMV
immune response and, consistent with this, the secondary response to CMV has been found to be
associated with a faster y& T cell expansion and a better resolution of infection than the primary
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response’*. At a repertoire analysis level, patients experiencing reactivation of CMV systematically

displayed strong clonal proliferation of heterogeneous V61*, V63" and unconventional V62* clones that

precisely correlated with viral activity'?>14®.

v T cells have also a role in HIV infection. Studies have shown that the absolute numbers of y& T cells
increase during HIV infection and that activated V81" T cells are present in the peripheral blood and lung of
HIV-seropositive patients®!. This increase in the V81* T cell compartment resulted from an inversion of the
normal ratio of V62* T cells to V61" T cells observed in healthy individuals. The depletion of Vy9V62* T cells
is the earliest known TCR-specific cell depletion associated with HIV-infection and may contribute to the
establishment of viral persistence in AIDS by reducing the level of type 1 cytokines?32. Vy9Vv82* T cells from
HIV* individuals had lower expression of granzyme B and reduced cytotoxicity against a B cell lymphoma
cell line, with an increased FasR expression, which could represent a mechanism for depletion of these cells
during disease?.

Expansion and activation of y& T cells were observed in Hepatitis C virus (HCV) patients?*#?%>, with a

236 and in other flavivirus

polyclonal activation of the V61" subset during the chronic phase of infection
infections such as hepatitis G virus (GBVC)?*’. Liver-derived y& T cell lines from patients with chronic HCV
exhibited high levels of cytotoxic activity against different targets, including primary hepatocytes, and
produced IFN- y, TNF-a and IL-8 after anti-CD3 activation in vitro. Many studies described a protective role
of y& T cells and specifically Vy986V2 in the immune-surveillance against herpesviruses: Herpes Simplex virus
(HSV)-specific y& T cells isolated from infected persons have strong cytotoxicity with lytic activity?®; and y&
T cells are expanded also during the acute phase of Epstein-Barr virus (EBV)-induced infectious

mononucleosis, expressing activation molecules and persisting during the convalescent phase?*°

.yO T cells
have been found to be increased in terms of frequency in human T cell lymphotropic virus type | (HTLV-
1)240.241 HBV?%2 and Ebola infections?** while are decreased in frequency with weaker cytotoxic ability in
RSV24372% and measles®*® infections.
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v& T cells function also in the immune response to parasites. Not long after the y& TCR was discovered, a
number of studies were published describing the existence of elevated levels (up to threefold increased
and for 3-4 weeks after treatment) of y6 T cells in human patients during or after an episode of P.

falciparum malaria?*’2%8

. y6 T cells exert a protective effect in immunity to malaria infection, since they
were shown to inhibit replication of blood-stage P. falciparum in vitro in a dose-dependent fashion?®.
Moreover, upon infection y& T cells produce pro-inflammatory cytokines, such as IFN-y, IL-1B, TNF-a and
TNF-B2%°. It was observed that y& T cells from nonimmune donors produce high levels of TNF-a and IFN-y
within 18 hours of contact with mycoplasma-free P. falciparum-infected erythrocytes in vitro, pointing out
to possible implications in the pathogenesis of cerebral malaria and severe anemia®!. When y& T cells
become activated during P. falciparum infection, they are likely to recognize phosphoantigens derived from
the parasite; is also possible that phosphoantigens present in erythrocytes and released after burst, are
251-253

recognized by y& T cells . However, it has been demonstrated in vitro that the replication of
intraerythrocytic stages of the parasite is not affected by coculture with human y& T cells, and that parasite
inhibition required contact between y& T cells and merozoites. Since the same cells were able to inhibit
replication of blood-stage P. falciparum in vitro, it was proposed that these cells recognize extracellular

merozoites in transit to new host erythrocytes?*,

1.5.4 Recognition of ligands of infectious origin

As for the recognition of transformed cells, the mechanisms of activation and infected cell recognition
through the TCR are mostly unknown except for the well described reactivity of Vy9vé62* TCR. In addition,
v6 can exert their effector functions via a broad panel of NKRs.

Vy9Vvé2* T cells can be specifically and potently activated by PAgs like (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate, an intermediate of the 2-C-methyl-D-erythritol 4-phosphate pathway employed by
eubacteria and apicomplexan protozoa but not by eukaryotes3>24324255_ This likely underlies the striking
expansions of Vy9V62* T cells in individuals infected with M. tuberculosis?***>® or P. falciparum®’. Besides
pAgs, several other molecules of microbial origin have been proposed as y6 T cell antigens accounting for
the specific recognition of infected cells. These candidates include the bacterial superantigens SEA (and to a
lesser extent SEE)?*%; OXYS and DXS2, two mycobacterial proteins found to activate y§ T cells from BCG-
infected human subjects but not from healthy donors®#P% and HSV-1 glycoprotein |, specifically
recognized by a Vy1.2V88* TCR independently from antigen processing and MHC presentation?®?,

Subsequent reports demonstrated that y& T cells also recognize stress antigens of cellular origin, either in
antibody-like or antigen-presentation-like fashion. y& T cells can indeed directly recognize stress proteins
like hMSH2, a nuclear protein ectopically expressed on the cell surface of different epithelial tumour cells
and induced by EBV transformation?'%%62; and Annexin A2 whose expression was induced by CMV infection
and recognized specifically by a Vy8v83* T cell clone’®. On the other hand, y& T cells can recognize
nonpolymorphic MHC-like (class Ib) proteins presenting lipids, such as CD1 proteins, in a similar way to
other unconventional T cells like NKT or MAIT cells?%372%5, |n particular, a subpopulation of V61* T cells has
been clearly shown to bind CD1d loaded with the self-lipid sulfatide?®> but any concrete link to the
recognition of infected (or transformed) cells remains to be established. Of note, another CD1-like protein,
EPCR, was shown to bind directly (independently of lipid cargo) the TCR of a Vy4V&5* T cell clone (expanded
from a CMV* individual), thus allowing it to recognize endothelial cells infected with CMV%,
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In addition to the TCR (Figure 1.9), y& T cells can also use NKG2D to recognize cells infected with various
viruses and intracellular bacteria'%2%¢, More specifically, the stress-inducible molecule, MICA, was induced
on the surface of dendritic and epithelial cells by M. tuberculosis infection in vitro and in vivo; and its
binding to NKG2D, substantially enhanced the TCR-dependent Vy9V&2* T cell response to PAgs?®l.
Furthermore, in the case of Brucella, ULBP1 was the main NKG2D ligand upregulated on infected
macrophages, and its engagement promoted Vy9V62* T cell cytotoxicity and cytokine production, which
contributed to the inhibition of bacterium development?®®,

A few other receptors have implicated in y& T cell recognition of infected cells. Thus, another NKR, NKG2C,
constitutively expressed on V&1* T cells, induced a cytolytic response against HIV-infected CD4" T cells
expressing its ligand, HLA-E?®’. On the other hand, NKp30 can also play an important role in HIV-1 infection
upon its induced expression in V61* T cells; NKp30 ligation triggered the production of CCL3, CCL4, and
CCL5 chemokines that suppressed the replication of a CCR5 tropic strain of HIV-1%%, Finally, in the case of
avian influenza (H5N1), y& T cells were reported to use sialic acid receptors for the recognition of viral
hemagglutinin®,
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Figure 1.9 TCR-mediated reactivity against transformed and infected targets. Based on ref 27°

1.5.5 Focus on Vy9Vv&2* TCRligand

The vast majority of human blood y& T cells respond to so called “phosphoantigens” (pAg)?**?’1272, Their
TCR share a characteristic rearrangement and V&2-containing chains bearing one of the hydrophobic amino
acids: Leucine (L), Isoleucine (1), Valine (V), or Glycine (G) at position 97475455273,

PAg are products of isoprenoid synthesis, which specifically activate Vy9Vv62* T cells. The building blocks of
isoprenoid synthesis are isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate. Both
are weak pAg'®®?’* and 1000- to 10000-fold less potent than the strongest naturally occurring pAg (E)-4-
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Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP)*32%5274 HMBPP is the immediate precursor in the
synthesis of IPP by the non-mevalonate pathway also known as DOXP, MEP, or Rohmer pathway. The non-
mevalonate-pathway is restricted to eubacteria, cyanobacteria, plants, and apicomplexan protozoa *32%°,
HMBPP is the driving force of a massive Vy9V62* T cell expansion in infections with HMBPP producing
parasites or bacteria, which can lead to an increase of Vy9Vé62* T cells from 1 to 5% of blood T cells to more
than 50% %*?7>. In mammals and most other animals, IPP is synthesized via the mevalonate pathway whose
manipulation can render human cells into Vy9V62* T cell activators. Cells pulsed with
aminobisphosphonates (e.g., zoledronate or pamidronate) become potent activators of primary Vy9Vv62* T
cells?’%277 and of Vy9V62* TCR transductants?’® most likely in consequence of IPP accumulation after
inhibition of the IPP metabolizing farnesyl diphosphate synthase (FPPS)?’%27°, As example, some tumours
such as the human B cell lymphoma Daudi **!*° spontaneously activate Vy9V82* T cells. This activation
depends on intracellular accumulation of IPP and can be abolished by statins, which inhibit the HMG-CoA

reductase and consequently also IPP synthesis?’®.

Therefore, altogether the Vy9V62* TCR acts as a kind of pattern recognition receptor, which senses
microbial infections as well as metabolic changes found in transformed, infected, or drug treated host
cells?3, This reactivity can also be harnessed clinically since remission of certain tumour entities after
Vy9V62* T cell activation was observed in clinical trials.

PAg acts not as soluble molecules but need to be “presented”. A key recent breakthrough was the
discovery of butyrophilin-related proteins, especially BTN3A1, as major molecular determinants of Vy9v62*
TCR-mediated recognition of pAgs, even if the underlying mechanism has gathered some controversy. A
model supporting extracellular PAg presentation to the Vy9Vv62* T cell (in a MHC-like manner) was first
proposed, with biophysical and structural data in support®°. However, following reports demonstrated that
pAgs interact directly with the intracellular B30.2 domain of BTN3A1 through a positively charged surface
pocket; and that charge reversal of pocket residues abrogates PAg binding and Vy9V62* T cell activation,
with no detectable association with the extracellular domain of BTN3A1%%!, More recently, it has been
shown that changes in the juxtamembrane domain of BTN3A1, which is located close to the start of the
B30.2 domain, induced marked alterations in Vy9V&82* T cell reactivity, thus highlighting the importance of
the intracellular domain for the correct Vy9v82* T cell function and activation?®2, Because of its location
between the intracellular and the extracellular domains, the B30.2 domain seems critical in translating the

pAg-induced conformational change of BTN3A1 from the inside to the outside of the target cells?83284,

1.6 yé T cells in immunotherapy

Recently, y& T cell transcriptional signatures were associated with highly favourable prognosis in a broad
spectrum of malignancies!®®. However, the data based on the quantification of y& TIL numbers in tumour

147,285-287 or in nasopharyngeal

biopsies have been less clear, for instance in renal cell carcinomas
carcinomas®®. Moreover, V81* y§ TIL infiltration into necrotizing melanoma tissue correlates with
survival?®, but in prostate and breast tumours, , V61* y6 TILs appear to be rather immunosuppressive and

favour the growth of the tumour through IL-10 release®2%,

Despite their pleiotropic roles in the tumour environment, y& T cells remain an attractive candidate for
adoptive cell therapies. Due to their relative abundance in peripheral blood and known (and selective)
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reactivity to phosphoantigens, all clinical trials have so far focused on the Vy9Vv62* T cell subset. In addition,
the availability of FDA-approved drugs, such as zoledronate and pamidronate, that allow their activation
and expansion in vivo, facilitates their possible therapeutic application. In more detail,
aminobisphosponates, such as pamidronate, ibandronate, alendronate and zoledronate, can indeed
activate and selectively expand Vy9Vb62* cells in vitro from healthy donor derived PBMCs and induce the
secretion of IFN-y**1. Pamidronate infusions in patients lead also to the increase of circulating Vy9v62* T
cells to variable extent®?. Indeed, the combination of the potent anti-tumour functions of Vy9v2* cells

292 or in vitro*® before reinfusion using

and the potential to expand y& T cells directly in vivo
aminobisphosphonates alone or in combination with cytokine(s) offers a comparatively cheaper and more
straightforward delivery alternative. The expansion and activation of Vy9Vvé2* cells in vitro resulted in
promising pre-clinical results for these cells as ACT against TB 2°* and has already been tested in various

cancer clinical trials®®* that documented its safety and some albeit sub-optimal efficacy?9*2%,

2% revealed that

Data from a comprehensive review of the ongoing clinical trials, including 157 patients
around 49% of them received infusion of y& T cell-enriched populations, while the other 51% had received
drugs to expand and activate endogenous y& T cells. It also emerged that patients with solid tumours were
most often treated with adoptive T cell transfer as compared with y& T cell-expanding drugs, whereas
patients affected by haematological malignancies were more often treated with drugs®® than with y6 T
cells expanded ex vivo®®. Despite the fact that the initial evaluation of y§ T cell-based immunotherapy
shows some promise, there is large room for improvement. Overall, conventional response rates are poor,
with only 10.8% objective responses documented. However, 39.2% achieved disease stabilization, a
successful outcome of immunotherapy, indicating that clinical benefits can be achieved by a high

proportion of patients subjected to y8 T cell-based immunotherapy?®.

1.6.1 Delta 1T (DOT) cells and other V61" T cell-based products for immunotherapy

In contrast to V62* T cells, the V&1* T cell subset is not as susceptible to AICD, and tumour-reactive V61* T
cells can persist in the circulation for many years3°3%2, Moreover, the cytotoxic function of V61* T cells has
been described for lymphoid and myeloid malignancies, neuroblastoma, and cancers of the lungs, colon,
and pancreas'®. However, no clinical trial has yet focused on this y6 T cell subset, mostly due to the lack of
clinical-grade protocols allowing their successful expansion. Importantly, our laboratory has recently
developed a clinical-grade process to effectively expand V61" T cells while also inducing NCR (and
augmenting NKG2D) expression; and established the proof-of-concept in a leukaemia xenograft models!“.

The first demonstration that NCRs, including NKp30 and NKp46 that are widely considered to be two of the
most specific NK markers, could be expressed in a considerable V&1* PBL subset dates back to 20113%,
Indeed, the NCR induction is coupled to TCR-mediated proliferation of V&1* cells, while also requiring vy
cytokine signals, thereby endowing V61* T cells with more potent cytolytic activity against hematologic
tumours. This could have been achieved in vitro with a combination of IL-2 or IL-15 with PHA or OKT3,
consistently with previous reports demonstrating that the in vitro acquisition of NK receptors by liver or
umbilical cord T cells depends on 1L-15304305,

These findings were at the basis for the development, in our laboratory, of a new protocol designed to

selectively expand V81* T cells!**.The major novelties of the protocol consisted in its direct clinical

adaptability, since it involves the use of reagents and materials currently available in pharmaceutical grade,

and the uncoupling of the expansion from the differentiation stages. This new two-step treatment allowed
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the highest expansion of V&1* T cells ever recorded in vitro (on 96-well plates): >60,000-fold increase in 21
days, compared to <25,000-fold obtained by Siegers and colleagues3®. The method is indeed robust
enough, including in larger cell bags, to enrich >60% and expand up to 2,000-fold V61* T cells from PBMCs
from chronic lymphocytic leukaemia (CLL) patients, differentiating them into NCR-expressing and highly
cytotoxic DOT cells. Moreover, DOT cells were tested in a xenograft model of CLL, and induced a reduction
in tumour size and prevented tumour dissemination, providing a first preclinical proof-of-concept for the
use of DOT cells in CLL treatment?4,
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2 Aims of the thesis

While V61 y8 T cells are the second most abundant subset in the human PB, they are the predominantyé T
cell subset in the post-natal thymus and in peripheral tissues such as the intestine or the liver. This y6 T
subset plays an important role during viral infections, especially CMV, and are associated to a favourable
prognosis in some cancer settings. Moreover, in contrast to the main y& subset in the blood (Vy9Vvé2* T
cells), V61* T cells are less susceptible to AICD, can persist in the body for extended periods of time and
have never been tested in clinical trials. Given their unique features, we decided to focus on V61" y6 T cells
and to pursue three main areas of investigation and to provide further characterization with new insights
on their anti-tumour functions and ligand recognition. In this context, the aims of the thesis were: 1) to
perform the repertoire analysis and characterization of the thymic output of the V&1* yo6 T cell
compartment; 2) to characterize the V61* cells after expansion with the DOT cell protocol and,
consequently, test the V61* based product to obtain the pre-clinical proof of concept for the treatment of
AML; 3) to identify new ligands for V61* y& T cells.

Thanks to recent technical advances in the comprehensive analysis of TCR repertoires using next-
generation sequencing (NGS) approaches, it has become more accessible to understand the dynamics of T
cell development and homeostasis, and T cell expansion in response to infections or tumours. Indeed, to
characterize the human V&1* thymocytes TCR repertoire, we obtained cells from thymic specimens
routinely collected during paediatric corrective cardiac surgery. We isolated highly pure V61* thymocytes
and provided a detailed description of transcribed (mRNA) V(D)J recombination products. Since cord blood
and peripheral blood V61" TCR sequencing data are already available to the scientific community, the
results from this part of the project will contribute to the establishment of a compelling picture of the V61*
repertoire in humans, providing useful information for an earlier step in V61*thymocyte ontogeny.

Next, we generated DOT cells, the clinical grade product mainly composed of expanded V61* with higher or
de novo expression of NCRs. We provided a new level of analysis, comparing the TRG and TRD repertoires
from DOT cells with the ex vivo V61 cells collected from the same donors and, next, we tested DOT cell
anti-tumour functions against several AML tumour cell lines and AML primary samples. We dissected the
role of a TCR mediated mechanism in DOT cell targeting of tumour cells using blocking antibodies and
generating V61" cell clones. Finally, converging the properties and potential of DOT cells with the unmet
immunotherapy needs of AML, we used in vivo models to purpose DOT cells for AML treatment and to
obtain the preclinical proof-of-concept for DOT cell application in AML treatment.

Finally, we aimed at providing new insights in the TCR mediated recognition of tumour targets supporting
the strong evidences in the literature for the antitumor activity of V61 * T cells. We used the ex vivo and
DOT repertoire data to select V61* clones (generated using a modified version of the DOT-cell expansion
protocol) accordingly to their frequency in the ex vivo and in the DOT repertoires of the analysed donors.
We also tested clone cytotoxicity and TCR dependence in targeting AML cells. Next, we generated cell
reporters by TCR molecular cloning and into the J.RT3 cell lines. Since J.RT3 cells lack § chain and TCR
expression on the membrane, we used their T cell machinery to assess TCR-transduced J.RT3 cells
activation after co-incubation with several tumour targets measuring CD69 expression and upregulation
and CD3/V&1 downregulation. If successful, the identification of new ligands from transformed cells will
provide key insights on the V61* T cell recognition and may have a strong impact on the current V61* T cell-
based therapies being developed, including DOT cells.
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3 Materials and methods

3.1 High-throughput analysis of the human thymic V61 * TCR repertoire

3.1.1 Sample collection and preparation

Thymic specimens were routinely collected during paediatric corrective cardiac surgery, after obtaining
written informed consent. The study was approved by the Ethics Board of the Faculdade de Medicina da
Universidade de Lisboa. Buffy coats from healthy volunteers were obtained under the agreement
(15.12.2003) between Instituto de Medicina Molecular — Jodo Lobo Antunes and Instituto Portugués do
Sangue e da Transplantagdo approved by the local ethical committee (Centro de Etica do Centro Hospitalar
Lisboa Norte - Hospital de Santa Maria). Thymic samples (from 5 days old to 15 months old children) were
processed by tissue dispersion and Histopaque-1077 (Sigma-Aldrich) density gradient. Peripheral blood was
collected from buffy coat cells, diluted with 1 volume of PBS (Invitrogen Life Technologies), and separated
on a Histopaque-1077 density gradient. y8 T cells were first isolated by magnetic cell sorting (MACS) using a
negative selection strategy (af depletion kit by Miltenyi Biotech); and then stained with anti-TCRV61 (clone
TS8.2), anti-TCRVS2 (clone B6), anti-CD3 (clone HIT3a) and anti-TCRaf (clone IP26) mAbs; and FACS-sorted
(CD3 * TCRV61*Y) to >98% purity in FACS Aria Il (BD Biosciences). Flow cytometry acquired data was
analysed with Flowlo X software (Tree Star).

3.1.2 TRG and TRD amplicon generation, library preparation and NGS

FACS-sorted cells were subjected to RNA extraction using the RNAeasy mini kit (Qiagen). Next, 12ul mRNA
of each sample was reverse transcribed with the Superscript lll enzyme kit (Invitrogen) according to the
manufacturers protocol. Next, CDR3 TRG and TRD sequencing amplicons were generated as described

122 ysing 7 pl cDNA template. In detail, primers were designed for all functional variable (V) and

previously
constant (C) gene segments of the human TRG and TRD locus having following sequences (5’ — 3’) hTRDV1:
TCAAGAAAGCAGCGAAATCC; hTRDV2: ATTGCAAAGAACCTGGCTGT; hTRDV3: CGGTTTTCTGTGAAACACATTC;
hTRDV5/29: ACAAAAGTGCCAAGCACCTC; hTRDC1: GACAAAAACGGATGGTTTGG; hTRGV (2,3,4,5,8):
ACCTACACCAGGAGGGGAAG; hTRGV9: TCGAGAGAGACCTGGTGAAGT; hTRGC (1,2):
GGGGAAACATCTGCATCAAG. Moreover, llumina adaptor sequences
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG and TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG) were
added as overhangs All forward primers for either TRG or TRD were combined in equal concentrations. PCR
conditions are as following 1x PCR buffer (without MgCl,; Invitrogen), 1.5 mM MgCl,, 10 mM dNTPs, 0.5 uM
forward primer mix, 0.5 uM reverse primer and 0.04 units recombinant Taq polymerase (Invitrogen). Cycling
conditions were 3 min at 95 °C; 30s at 95 °C, 30s at 63 °C and 30s 72 at °C, for 5 cycles; 30s at 95 °C and 35s
72 at °C, for 20-25 cycles; and 4 min at 72 °C. PCR samples were run for gel electrophoresis on a 1%-
Agarose-Gel, PCR amplicons (350 bps for TRG and 250 bps) were excised and gel-purified according to the
QlAquick gel extraction kit (Qiagen). The multiplex-based CDR3 amplicon generation strategy has been
previously validated by the 5’'RACE-based CDR3 amplicon generation methods!?2.

For lllumina Miseq analysis, PCR amplicons were further subjected to an index PCR. In that case, individual
10 pl purified PCR amplicons were combined with 10 pl Advantage Il PCR buffer (Clontech), 5 pl 10mM

dNTP (Clontech), 5 pl N50X and 5 pl N70X index primer (Nextera Index Kit, lllumina), 1 ul Advantage Il
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polymerase (Clontech) and 30 pl dH,0 for eight additional PCR cycles. PCR products were purified using the
Agencourt AMPure XP PCR purification kit (Beckman Coulter) and eluted in 100 ul dH20. After quantifying
DNA concentrations with the QuantIT PicoGreen Assay (Invitrogen) PCR amplicons were pooled in equal
concentration to generate the library pool and diluted to 4 nM. According to the lllumina Denature and
Dilute Library guidelines the library was diluted to 10 pM, while 20% PhIX was added as a control. The
library was subjected to lllumina MiSeq analysis (paired-end sequencing) using following parameters:
Amplicon chemistry; dual index; read 1: 250bps; read 2: 250bps; FASTQ only; use adaptor trimming.

3.1.3 NGS data analysis

3.1.3.1 Processing and annotation of obtained TRG and TRD sequences

Data Processing and Analysis TRG and TRD FASTQ sequences were subjected to quality controls through
FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Paired-end TRG sequences were
joined at their overlapping ends using FASTQ-join of the command-line tool ea-utils with default
parameters, while TRD sequences were fully covered from both ends and were processed directly. All TRG
and TRD sequences obtained were annotated using IMGT/HighV-Quest.

3.1.3.2 Post-analysis of TCR repertoire

The post analysis of the TCR repertoire was performed using in-house UNIX (steps 1-4) and R scripts (steps
5-12; R version 3.2.2)

1. Convert data from the IMGT output format to vdjtools output format

The IMGT output contains germline alignment and junctional analysis data. Results are based on the use of
standardized gene and allele nomenclature, standardized description and delimitation of labels (especially
for the CDRs and FRs regions), but its tabular output must be converted to the VTDtools format before
using VDJtools software

> java -Xmx16G -jar /home/bdilorenzo/vdjtools-1.1.1/vdjtools.jar Convert -S ImgtHighVquest
/home/bdilorenzo/Desktop/Thy2018/Thyl/Gamma /3_Nt-sequences.txt
/home/bdilorenzo/Desktop/Thy2018/Thyl/Gamma /Analysis/conv

Load VDJtools (java -Xmx16G -jar /home/bdilorenzo/vdjtools-1.1.1 /vdjtools.jar), convert the
IMGT tabular output (Convert -S ImgtHighVquest /home/bdilorenzo/Desktop/
Thy2018/Thyl/Gamma /3_Nt-sequences.txt) and save the new output in
(/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Gamma/Analysis/conv)

2. Calculate Basic Statistics
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VDJtools can compute basics statistics (such as number of reads, number of clonotypes, mean and
geometric mean of clonotype frequency, mean CDR3 length, CDR3 convergence and number of N
nucleotides) as well as diversity measurement (such as the Shannon-Wiener diversity index after collapsing
the clonotypes, mean value and standard deviation of the diversity estimate) from HTS raw data (step 3).

> java -Xmx16G -jar /home/bdilorenzo/vdjtools-1.1.1 /vdjtools.jar CalcBasicStats
/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/conv.3_Nt-sequences.txt
/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/Calcbasicstats

Load VDItools (java -Xmx16G -jar /home/bdilorenzo/vdjtools-1.1.1/vdjtools.jar), calculate basic
statistics from the newly generated tabular output (CalcBasicStats /home/bdilorenzo/Desktop/
Thy2018/Thyl/Gamma /Analysis/conv.3_Nt-sequences.txt), and save the generated stats as a new table
(/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/Calcbasicstats)

3. Calculate Diversity

> java -Xmx16G -jar /home/bdilorenzo/vdjtools-1.1.1/vdjtools.jar CalcDiversityStats
/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/conv.3_Nt-sequences.txt
/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/CalcDiversitystats

Load VDItool (java -Xmx16G -jar /home/bdilorenzo/vdjtools-1.1.1/vdjtools.jar), calculate intra-
sample diversity from the newly generated tabular output (CalcDiversityStats
/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/conv.3_Nt-sequences.txt), and save
the generated stats as a new table (/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/
CalcDiversitystats)

4. V-Jsegment usage analysis and representation
This function can generate a tabular output and a graphical representation of the V and J segment usage

> java -Xmx16G -jar /home/bdilorenzo/vdjtools-1.1.1/vdjtools.jar PlotFancyVJusage
/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/conv.3_Nt-sequences.filt.txt
/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma /Analysis/fancyspectra

Load VDJtool (java -Xmx16G -jar /home/bdilorenzo/vdjtools-1.1.1 /vdjtools.jar), and using the
PlotFancyVJusage function, load the previously converted table (/home/bdilorenzo/Desktop/
Thy2018/Thyl/Gamma /Analysis/conv.3_Nt-sequences.filt.txt) and use it to generate the tabular and
the graphical output in the selected folder (/home/bdilorenzo/Desktop/ Thy2018/Thyl/Gamma
/Analysis/fancyspectra).

The generated tabular output is a matrix with rows corresponding to different J segments and columns
corresponding to different V segments. Each cell contains the frequency of a given V-J junction. The
graphical output for the V-J junction is a circos plot (Figure 3.1): arcs correspond to different V and J
segments, scaled to their frequency in sample and ribbons represent V-J pairings and their size is scaled to
the pairing frequency.
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Figure 3.1 Example of V-J junction circos plot for a single sample. Arcs correspond to different V and J segments, scaled to their
frequency in sample. Ribbons represent V-J pairings and their size is scaled to the pairing frequency (weighted in present case).

5. Load the main and accessory packages needed for the NGS chain representation

> library("tcR")
Platform for the advanced analysis of T cell receptor and Immunoglobulin repertoires data and visualization
of the analysis results (see paragraph 1.2.5.3; https://cran.r-project.org/web/packages/tcR/index.html)’,

> library("RColorBrewer")
The package provides palettes for drawing plots and figures shaded according to a variable (https://cran.r-
project.org/web/packages/RColorBrewer/index.html).

> library("treemap")
R package useful for space-filling visualization of hierarchical structures (https://cran.r-
project.org/web/packages/treemap/index.html).

> library("devEMF")

It starts the graphics device driver for producing enhanced metafile (emf*/emf) graphics, which can be
imported natively as vector graphics in Microsoft Office (https://cran.r-
project.org/web/packages/devEMF/index.html).

6. Set the default colors for Treemap graphical output

> colori_gamma = c("#DC143C", "#FFC125", "#C1FFC1", "#00C78C", "#OOBFFF", "#00688B", "#9F79EE",
"#030303")

> colori_delta = c("#OOCED1", "#FF7F50", "#848484", "#006400", "#EEQOEE", "#432c66")
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These strings generate two variables containing color codes in the hexadecimal format and will be used to
standardize the Treemap graphical output of the repertoire representation

7. Load dataset

> thy18_lgamma <- read.delim("/home/bdilorenzo/Desktop/Thy2018/Thyl/Gamma/Analysis/conv.3_Nt-
sequences.txt")

8. Change V chain nomenclature
To standardize the TRG- and TRD- V gene nomenclature, the chain names were changed as follow.

TRGV:

>thy18 1gammaSv <- sub("TRGV1","TRGVO1", thy18_1gammaSv)
>thy18 1gammaSv <- sub("TRGV2","TRGV02", thy18_lgammaSv)
>thy18_1gammaSv <- sub("TRGV3","TRGV03", thy18 1gammaSv)
>thy18 1gammaSv <- sub("TRGV4","TRGV04", thy18_1gammaSv)
>thy18 1gammasSv <- sub("TRGV5P","TRGV05", thy18 1gammasSv)
>thy18_1gammaSv <- sub("TRGV5","TRGV05", thy18 1gammaSv)
>thy18 1gammaSv <- sub("TRGV8","TRGV0S8", thy18_1gammaSv)
>thy18 1gammaSv <- sub("TRGV9","TRGV09", thy18_1gammaSv)

TRDV:

> thy18_1deltaSv <- sub("TRDV1","TRDVO1", thy18_1deltaSv)

> thy18_1deltaSv <- sub("TRDV2","TRDV02", thy18_1deltaSv)

>thy18_1deltaSv <- sub("TRDV3","TRDV03", thy18 1deltaSv)

>thy18 1deltaSv <- sub({"TRAV29/DV5","TRDVO5(TRAV29)", thy18 1deltaSv)

> thy18_1deltaSv <- sub("TRAV14/DV4" "TRDVO4(TRAV14)", thy18_1delta$v)
>thy18_ 1deltaSv <- sub("TRAV38.2/DV8","TRDVO8(TRAV38.2)", thy18 1deltaSv)

9. Remove TRGV01

Since this gene is found to be in ORF but does not appear to be functional, we removed TRGVO01 sequences
from the datasets. However, TRGVO1l sequences were really rare or absent: thyl8_lgamma dataset
contains only one TRGVO01 sequence.

>thy18 1gamma <- thy18 1gammal-c(50406),]

10. Change column and row names

The word Chain was set as name for the column including the TR(G or D)V information and the clonotype
IDs (the first column of the VDJtool converted tabular output) were set as row names
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> names(thy18 1gamma)[5]<-paste("Chain")
> |D = rownames(thyl8 l1gamma)

> thy18_1gammaS$ID <- ID

11. Treemap representation of the repertoire

> emf(""/home/bdilorenzo/Desktop/New output/2018thylgamma.emf", bg = "transparent”, fg = "black", family
= "Helvetica", emfPlus=FALSE)

First, the emf device needs to be loaded in order to generate images that can be easily exported and
adjusted in the Microsoft environment. In this step, file name, background color (Bg), font color (fg) and
style (family) together with emf advanced options are set.

> treemap::treemap(thyl8 lgamma, index ="ID", vSize = "count", vColor = "Chain", type= "categorical", title =
"Thymus 1 - 2018 (Gamma)", border.col = "white", fontsize.labels =0, border.lwds = 1, palette =
colori_gamma)

When the emf device is set, all the subsequently generated output will be automatically written in the emf
file. To generate a Treemap graphical representation, we selected the treemap function from the treemap
package (treemap::treemap). This function requires a dataset (thyl8_1) that includes a column with
specified value names (index = "ID"), a column containing the value size (vSize = "count”), a column for
which the data will be clustered (vColor = "Chain”) and the type of treemap (type= "categorical"). In this type
of treemap, the colors are given by groups; other options are index (meaning a color per clonotype), value
(to assign a specific color to all the values), comp (colors indicate change of the size with respect to another
numeric column in the dataset), dens (color are assigned in a density map fashion), depth (in which colors
are given by aggregation levels) or manual. Graph title, axes font and size, graph border can also be set. In
this string a command from the RColorBrewer package (palette) was included in order to set two color
palettes and to standardize color usage for chain clustering among different samples.

> dev.off()

Finally, to avoid subsequent overwriting on the same emf file, we closed the emf device.

12. CDR3 lengths graphical representation

>cdr3thyl8 lgamma <-
parse.vdjtools("/home/bdilorenzo/Desktop/Thy2018/Thy1l/Gamma/Analysis/conv.3_Nt-sequences.txt")

We used the tcR R suite for the graphical representation of CDR3 length. First of all, the VDJtool tabular
output needs to be converted in the tcR format. To do so, we employed the parse.vdjtools function.

> emf("/home/bdilorenzo/Desktop/New output/cdr2018thylgamma.emf", bg = "transparent”, fg =
"black",family = "Helvetica", emfPlus=FALSE)

> plot(vis.count.len(cdr3thy18_1gamma,.name = "Thymus 1 - 2018 (Gamma)"))
> dev.off()

As for the treemap representation, we started opening an emf file device to facilitate following graph
adjustments in Microsoft environment. Once the device is set, the tcR function vis.count.len integrated
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with the R plot function will automatically select the column containing the CDR3 length information in the
parsed table (cdr3thy18_lgamma) and will plot these information in a histogram of counts (Figure 3.2).

twb[[1]] CDR3 lengths
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3e+05

2e+05

Count
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Figure 3.2 Example of CDR3 nucleotide sequences length distribution plot. Colors are assigned in a heat map fashion accordingly to
length frequency: lower frequencies in blue and higher in red.

3.1.4 Statistical analysis

Statistical analysis was performed using GraphPad Prism software. All data are expressed as mean +/- SEM
and comparisons of two groups were made using Student’s t-test

3.1.5 Data availability

FASTQ files of thymic TRG and TRD sequences are available and deposited with links to BioProject accession
number PRINA495594; the complete list of samples is displayed in Table 3.1. Blood-derived V61* TRG and
TRD sequences used as control are described in Table 3.2 and available in the BioProject #PRINA491919
under the following accession number: SRR7878381, SRR7878385, SRR7878376, SRR7878367, SRR7878393,

SRR7878388. (https://www.nchi.nlm.nih.gov/bioproject/).

Table 3.1 Sample SRA accession numbers included in the BioProject #PRINA495594

Accession
SRR7993359
SRR7993360
SRR7993357
SRR7993358
SRR7993355
SRR7993356
SRR7993353
SRR7993354
SRR7993361

Title
Rna-Seq of hyman V1* thymocytes, gamma chain.
Rna-Seq of hyman V1* thymocytes, gamma chain.
Rna-Seq of hyman V1* thymocytes, gamma chain.
Rna-Seq of hyman V1* thymocytes, gamma chain.
Rna-Seq of hyman V1* thymocytes, gamma chain.
Rna-Seq of hyman V1* thymocytes, gamma chain.
Rna-Seq of hyman V1* thymocytes, gamma chain.

Rna-Seq of hyman V1* thymocytes, gamma chain.

Donorl
Donor2
Donor3
Donor4
Donor5
Donor6
Donor7

Donor8

Rna-Seq of hyman V1* thymocytes, delta chain. Donorl

Biosample_accession
SAMN10228156
SAMN10228157
SAMN10228158
SAMN10228159
SAMN10228160
SAMN10228161
SAMN10228162
SAMN10228163
SAMN10228164

Filename
DG_S31_L001_R1_001.fastq.gz
AG_S28 L001_R1_001.fastq.gz
EG_S32_L001_R1_001.fastq.gz
CG_S30_L001_R1_001.fastq.gz
FG_S10_L001_R1_001.fastq.gz
GG_S11_L001_R1 _001.fastq.gz
HG_S12_L001_R1_001.fastq.gz

IG_S13_L001_R1_001.fastq.gz
DD_S36_L001_R1_001.fastq.gz
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SRR7993362
SRR7993351
SRR7993352
SRR7993349
SRR7993350
SRR7993347
SRR7993348

Rna-Seq of hyman V1* thymocytes, delta chain.
Rna-Seq of hyman V1* thymocytes, delta chain.
Rna-Seq of hyman V1* thymocytes, delta chain.
Rna-Seq of hyman V1* thymocytes, delta chain.
Rna-Seq of hyman V1* thymocytes, delta chain.
Rna-Seq of hyman V1* thymocytes, delta chain.

Rna-Seq of hyman V1* thymocytes, delta chain.

Donor2
Donor3
Donor4
Donor5
Donor6
Donor7

Donor8

SAMN10228165
SAMN10228166
SAMN10228167
SAMN10228168
SAMN10228169
SAMN10228170
SAMN10228171

AD_S33_L001_R1_001.fastq.gz
ED_S37_L001_R1_001.fastq.gz
CD_S35_L001_R1_001.fastq.gz
FD_S22_L001_R1_001.fastq.gz
GD_S23_L001_R1_001.fastq.gz
HD_S24_L001_R1_001.fastq.gz
ID_S25_L001_R1_001.fastq.gz
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3.2 Broad cytotoxic targeting of acute myeloid leukemia by highly polyclonal Delta One
T cells

3.2.1 Ethics statement

Primary AML cells were obtained from the peripheral blood of patients at first presentation, after informed
consent and institutional review board approval. Buffy coats from healthy volunteers were obtained under
the agreement (15.12.2003) between Instituto de Medicina Molecular — Jodo Lobo Antunes and Instituto
Portugués do Sangue e da Transplantacdo approved by the local ethical committee (Centro de Etica do
Centro Hospitalar Lisboa Norte - Hospital de Santa Maria)

3.2.2 Mice

NSG, NSGS, NRGS mice were obtained from the Jackson Laboratories. Age and sex-matched animals were
randomly distributed among the different groups. All animal procedures were performed in accordance to
national guidelines from the Direcdo Geral de Veterinaria and approved by the Ethics Committee.

3.2.3 DOT cell production

Delta One T (DOT) cells were obtained using the previously patented and described protocol!'4. Peripheral
blood was collected fresh blood of healthy volunteers (see 3.3.1), diluted with 1 volume of PBS (Invitrogen
Life Technologies), and separated on a Histopaque-1077 density gradient. y& T cells were first isolated by
magnetic cell sorting (MACS) using a negative selection strategy (non-y6 depletion kit by Miltenyi Biotech).
(MACS)-sorted y& T cells were resuspended in serum-free culture medium (OpTmizer-CTS) supplemented
with 5% FBS and 2 mmol/L L-glutamine (Thermo Fischer Scientific). Cells were transferred to a closed gas-
permeable cell culture plastic bag (Saint-Gobain), at a maximum concentration of 1*¥1076 cells/mL. Animal-
free human cytokines (100 ng/mL riL4, 70 ng/mL rIFNg, 7 ng/mL riL21, and 15 ng/mL riL1b; all from
Peprotech) and a soluble antibody (70ng/mL anti-CD3 mAb, clone OKT-3; BioXcell) were added to the
medium. Cells were incubated at 37 C° and 5% CO2. Every 5 to 6 days, old medium was removed and
replaced with fresh medium supplemented with a cytokine cocktail specific per time point (Figure 4.3).

Day O Day 6 Day 11 Day 16 Day 21

Expansion Expansion and differentiation

aCD3
IL4 IL15
IFNy, IL21, IL1B IL21 IFNy

Figure 3.3 Schematic representation of the DOT cell expansion protocol
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3.2.4 V61* clone generation

For DOT cell clone generation, we design a modified version of the DOT cell expansion protocol described in
2.2.3. PBMCs were enriched for y6 T cells using by magnetic cell sorting (MACS) using a negative selection
strategy (non-yd depletion kit by Miltenyi Biotech). (MACS)-sorted y& T cells were then stained with anti-
TCRV61 (clone TS8.2), anti-TCRVS2 (clone B6), anti-CD3 (clone HIT3a), enriched for CD3* TCRVS1*TCRVS2-
cells and sorted as single cells into 96 wells/plate using a FACS-Arialll machine (BD). CD3* TCRVS61*TCRV62-
single cells were cultured for 21 days using the DOT cell protocol in the presence of (weekly-renewed)
5*1074 irradiated autologous PBMCs (feeders). For more details, refer to paragraph 3.3.2.

3.2.5 DOT cell expansion with TCR or cytokine stimulation

We tested two additional experimental protocols (Figure 3.4 B and C) dissecting the impact of TCR or
cytokine stimulation after expansion. B) a3 depleted PBMCs were cultured for 21 days in the presence of
IL2 (100ng/ml) and aCD3 (OKT3 - 1ug/ml) or C) in the presence of the standard expansion medium but
using IL2 (100ng/ml) instead of aCD3.

Day 0 ~ Day6 | Day 11 " Day16 ' Day21

Expansion Expansion and differentiation
] 1
A) DOT expansion protocol I
aCD3
L4 IL15
IFNy, 1L21, IL1B IL21 IFNy

B) TCR stimulation

aCbS

2
1
I
I
C) Cytokine stimulation |

IL2

ILa IL15
IFNy, IL21, IL1B IL21 IFNy

Figure 3.4 Schematic representation of the DOT, TCR and cytokine expansion protocols

3.2.6 Expansion of naive V61*CD27* and differentiated V61*CD27-

Peripheral blood was collected from buffy coat cells, diluted with 1 volume of PBS (Invitrogen Life
Technologies), and separated on a Histopaque-1077 density gradient. y6 T cells were first isolated by
magnetic cell sorting (MACS) using a negative selection strategy (non-y& depletion kit by Miltenyi Biotech).
(MACS)-sorted yb T cells were stained with anti-TCRV&1 (clone TS8.2), anti-TCRVS2 (clone 123R3), anti-CD3
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(clone HIT3a), anti-CD27 (clone 0323), anti-TCRap (clone IP26) and sorted on FACS-Aria Ill (BD) as CD3*af-
TCRV&1*TCRVE2-CD27* or CD3* aB-TCRVS1*TCRVE2-CD27-. Cells were then plated into 96 wells/plate at a
maximum concentration of 20000/well.

3.2.7 TCR repertoire analysis

For TRGV and TRDV repertoire analysis, V61* T cells were FACS-sorted either from the initial blood sample
(ex vivo); or from the final (3-week culture) DOT cell products (3.2.3, 3.2.5 and 3.2.6). Next-generation
sequencing and data analysis were performed as described in 3.1.2 and 3.1.3, respectively.

3.2.8 Data availability

FASTQ files are available and deposited with links to BioProject accession number PRJINA491919.

(https://www.ncbi.nlm.nih.gov/bioproject/). A complete list of deposited samples is displayed in Table 3.2

Table 3.2 Sample SRA accession numbers included in the BioProject #PRINA491919

Accession Title BioSample SRA .filename
RNA-Seq of human Vdeltal T
. D1-Gamma-PortugalPBH_S37_L001_R2_001.fastq.gz,
SRR7878382 cells from perlpheral.blood. SAMN10092784 D1-Gamma-PortugalPBH_S37_L001_R1_001.fastq.gz
Donor 1, gamma chain
RNA-Seq of human Vdeltal T
. D2-Gamma-PortugalPBH_S38_L001_R2_001.fastq.gz,
SRR7878381 cells from penpheral.blood. SAMN10092785 D2-Gamma-PortugalPBH_S38_L001_R1_001.fastq.gz
Donor 2, gamma chain
RNA-Seq of human Vdeltal T
. D3-Gamma-PortugalPBH_S39_L001_R2_001.fastq.gz,
SRR7878380  cells from perlpheral.blood. SAMN10092786 D3-Gamma-PortugalPBH_S39_L001_R1_001.fastq.gz
Donor 3, gamma chain
RNA-Seq of human Vdeltal T
. D4-Gamma-PortugalPBH_S40_L001_R1_001.fastq.gz,
SRR7878379 cells from penpheralvblood. SAMN10092787 D4-Gamma-PortugalPBH_S40_L001_R2_001.fastq.g2
Donor 4, gamma chain
RNA-Seq of human Vdeltal T
. F11-Delta-PortugalPB_S71_L001_R2_001.fastq.gz, F11-
SRR7878383  cells from perlpheltal blood. SAMN10092787 Delta-PortugalPB_ 571 L001 R1 001 fastq.gz
Donor 4, delta chain
RNA-Seq of human Vdeltal T
- F8-Delta-PortugalPBH_S68_L001_R2_001.fastq.gz, F8-
SRR7878386  cells from perlphefal blood. SAMN10092788 Delta-PortugalPBH_S68_ L001 R1_ 001 fastq.gz
Donor 1, delta chain
RNA-Seq of human Vdeltal T
X F9-Delta-PortugalPBH_S69_L0O01_R1_001.fastq.gz, F9-
SRR7878385 cells from perlpher'al blood. SAMN10092789 Delta-PortugalPBH_S69_ 001 R2 001 fastq.gz
Donor 2, delta chain
RNA-Seq of human Vdeltal T
SRR7878384  cells from peripheral blood. SAMN10092790 | 10-Delta-PortugalPB_S70_LOO1_R2_001.fastq.gz, FA0-
R Delta-PortugalPB_S70_L001_R1_001.fastq.gz
Donor 3, delta chain
RNA-Seq of DOT cells. Cultured
D5-Gamma-PortugalB_S41_L001_R1_001.fastq.gz, D5-
SRR7878378 Eﬁ!?nfrom Donor 1, gamma SAMN10092792 Gamma-Portugalb_541_L001R2_ 001 fastq.gz
RNA-Seq of DOT cells. Cultured
D6-Gamma-PortugalB_S42_L001_R1_001.fastq.gz, D6-
SRR7878377 zre;lall?nfrom Donor 2, gamma SAMN10092793 Gamma-PortugalB_542_L001_R2_ 001 fastq.gz
RNA-Seq of DOT cells. Cultured
D7-Gamma-PortugalB_S43_L001_R1_001.fastq.gz, D7-
SRR7878370 zﬁg?nfrom Donor 3, gamma SAMN10092794 Gamma-PortugalB_543_L001_R2_ 001 fastq.gz
RNA-Seq of DOT cells. Cultured
D8-Gamma-PortugalB_S44_L001_R1_001.fastq.gz, D8-
SRR7878369 zﬁ!infrom Donor 4, gamma SAMN10092795 Gamma-PortugalB_544_L001R2_ 001 fastq.gz
RNA-Seq of DOT cells. Cultured F12-Delta-PortugalBu_S72_L001_R1_001.fastq.gz, F12-
SRRISS 2 cells from Donor 1, delta chain TaLUL B 0P Delta-PortugalBu_S72_L001_R2_001.fastq.gz
RNA-Seq of DOT cells. Cultured G1-Delta-PortugalB_S73_L001_R2_001.fastq.gz, G1-
SRR7878371 cells from Donor 2, delta chain SAMN10092797 Delta-PortugalB_S73_L001_R1_001.fastq.gz
SRR7878374 RNA-Seq of DOT cells. Cultured SAMN10092798 G2-Delta-PortugalB_S74_L001_R2_001.fastq.gz, G2-

45



https://www.ncbi.nlm.nih.gov/bioproject/

cells from Donor 3, delta chain Delta-PortugalB_S74_L001_R1_001.fastq.gz
RNA-Seq of DOT cells. Cultured G3-Delta-PortugalB_S75_L001_R2_001.fastq.gz, G3-
SRR7878373 cells from Donor 4, delta chain SAMN10092799 Delta-PortugalB_S75_L001_R1_001.fastq.gz
RNA-Seq of human Vdeltal T
. TRG6_S6_L001_R2_001.fastq.gz,
SRR7878376  cells from perlpheral.blood. SAMN10092800 TRG6_S6_L001_R1_001.fastq.gz
Donor 5, gamma chain
RNA-Seq of human naive
. TRG1_S1_L001_R2_001.fastq.gz,
SRR7878375  Vdeltal T cells from perlphe.ral SAMN10092801 TRG1_S1_L001_R1_001.fastq.gz
blood. Donor 5, gamma chain
RNA-Seq of human
differentiated Vdeltal T cells TRG3_S3_L001_R1_001.fastq.gz,
SATEEES from peripheral blood. Donor SAMN10092802 TRG3_S3_L001_R2_001.fastq.gz
5, gamma chain
RNA-Seq of human Vdeltal T
. TRG7_S7_L001_R1_001.fastq.gz,
SRR7878367  cells from penpheral.blood. SAMN10092803 TRG7_S7_L001_R2_001.fastq.gz
Donor 6, gamma chain
RNA-Seq of human naive
) TRG4_S4_L001_R2_001.fastq.gz,
SRR7878391  Vdeltal T cells from perlphe.ral SAMN10092804 TRGA4_S4_L001_R1_001.fastq.gz
blood. Donor 6, gamma chain
RNA-Seq of human
differentiated Vdeltal T cells TRG2_S2_L001_R2_001.fastq.gz,
SRR7878392 from peripheral blood. Donor SAMN10092805 TRG2_S2_L001_R1_001.fastq.gz
6, gamma chain
RNA-Seq of human Vdeltal T
. TRD6_S19_L001_R2_001.fastq.gz,
SRR7878393  cells from perlpher.al blood. SAMN10092806 TRD6_S19_L001_R1_001.fastq.gz
Donor 5, delta chain
RNA-Seq of human naive
SRR7878394  Vdeltal T cells from peripheral  SAMN10092807 TRD1_S14_L001_R2_001fastq.gz,
. TRD1_S14_L001_R1_001.fastq.gz
blood. Donor 5, delta chain
RNA-Seq of human
differentiated Vdeltal T cells TRD3_S16_L001_R2_001.fastq.gz,
SRR7878387 from peripheral blood. Donor SAMN10092808 TRD3_S16_L001_R1_001.fastq.gz
5, delta chain
RNA-Seq of human Vdeltal T
- TRD7_S20_L001_R1_001.fastq.gz,
SRR7878388  cells from perlpher'al blood. SAMN10092809 TRD7_S20_L001_R2_ 001 fastq.gz
Donor 6, delta chain
RNA-Seq of human naive
) TRD4_S17_L001_R1_001.fastq.gz,
SRR7878389  Vdeltal T cells from perlpvheral SAMN10092810 TRD4_S17_L001_R2_001.fastq.gz
blood. Donor 6, delta chain
RNA-Seq of human
differentiated Vdeltal T cells TRD2_S15_L001_R2_001.fastq.gz,
SRR7878390 from peripheral blood. Donor SAMN10092811 TRD2_S15_L001_R1_001.fastq.gz
6, delta chain

3.2.9 Invitro cell targeting using DOT cells

3.2.9.1 AMLcell lines and primary samples

AML cell lines (Table 3.3) were obtained from and authenticated by the German Resource Center for
Biologic Material (DSMZ). For in vitro targeting, AML cell lines or primary samples were co-incubated with
previously CFSE-stained (1:1000 in PBS with no FBS) DOT cells or V81* clones at optimized effector: target
ratios for 3 hours. A pre-treatment to block the TCR on the clone was performed using an anti- V61
antibody (clone TCS-1). After the co-incubation, cells were washed and stained with Annexin-V; flow
cytometry data were acquired on a LSR Fortessa (BD) and data was analyzed with FlowJo X software (Tree
Star). High-complexity barcode construction, lentiviral-barcode production, barcoding of AML cell lines and
in vivo chemotherapy Drugs-resistance studies were performed as described3’.

3.2.9.2 Healthy controls
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Peripheral blood was collected from buffy coat cell, diluted with 1 volume of PBS (Invitrogen Life
Technologies), and separated on a Histopaque-1077 density gradient. af positive selection (Miltenyi) was
performed on total PBMCs and the af- fraction was labeled using anti-CD33 (clone P67.6), anti-123 (clone
6H6), anti-CD56 (clone HCD56), anti-CD19 (clone HIB19) and sorted on Aria Il (BD) for single positive CD33",
CD123*, CD56%, CD19* cells. The day after, DOT cells from three different donors were stained with CFSE
and the af* fraction was stained with anti-CD3 (clone OKT3). DOT cells and the target populations were co-
incubated at optimized effector : target ratios for 3 hours (5 : 1, E : T). After the co-incubation, cells were
washed and stained with Annexin-V; flow cytometry data were acquired on a LSR Fortessa (BD) and data
was analyzed with FlowJo X software (Tree Star).

3.2.10 AML cell targeting in vivo

For in vivo targeting, three xenograft hAML models were established as represented in Figure 3.4. Tumour
burden was assessed by staining with anti-human CD45 (clone HI30) and CD33 (clone P67.6) antibodies.
Flow cytometry acquisition was performed on a LSR Fortessa (BD) and data was analyzed with FlowJo X
software (Tree Star).
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Figure 3.5 Xenograft models for in vivo AML targeting by DOT cells. (A) Irradiated (200-225 rad) 8-12 week old NOD-SCIDyc-/--SGM3
(NSGS) mice were anaesthetized and subsequently transplanted in the right tibia (intra-bone marrow - i.b.m.) with 1 x 106 primary
human AML cells. (B) Irradiated (200-225 rad) NSG 8-12 week old NOD-SCIDyc-/- (NSG) mice were injected intravenously (i.v.) with
2 x 106 human KG-1 cells. (C) Irradiated (225-250 rad) 8-12 weeks old NOD.Ragl1-yc-/--SGM3 (NRGS) mice were anaesthetized and
subsequently transplanted in the right tibia (i.b.m.) with 1x104 human HEL cells. In (A) and (C), tumor engraftment was assessed
through detection *of at least 100 tumor cells (tumor trigger) in the blood, 1-week after tumor cells injection. Treatments started
as soon as 100 tumor cells were detected in the mouse blood (tumor trigger). In (B), treatments with either PBS or DOT cells started
10 days after intravenous injection of tumor cells. Animals were treated with three intravenous injections of PBS or 2 x 107 DOT
cells, separated by 5 days

3.2.11 Statistical analysis

Statistical analyses were performed using GraphPad Prism software. All data are expressed as mean */-
SEM. Comparisons of two groups was done by Student’s t-test; and more than two groups by ANOVA test
with Dunnet’s post-test. Animal survival comparisons were performed using Log-rank (Mantel-Cox) test.
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Table 3.3 Description of the AML cell lines employed in this study

Cell line

THP-1

HEL

AML-193

MV4-11

HL-60

U-937

OCI-AML3

Kasumi-1

KG-1

Cell type

Monocyte

Erythroblast

Monocyte

Macrophage

Promyeloblast

Histiocyte

Myeloblast

Myeloblast

Macrophage

Diagnosis

Acute monocytic
leukemia

Erythroleukemia

Acute monocytic
leukemia

Acute monocytic
leukemia

Acute myeloid
leukemia

Histiocytic
lymphoma

Acute myeloid
leukemia

Acute myeloid
leukemia

Acute myeloid
leukemia

Karyotype/Genotype Immunological markers
Near-tetraploid carries t(9;11) associated with
AML M5, leading to KMT2A-MLLT3 fusion
transcripts (MLL-MLLT3; MLL-AF9)

CD3-, CD4*, CD13*, CD15*, CD19-,
CD34-, cyCD68*, HLA-DR*

Hypotriploid with 2.3% polyploidy carries also
masked 5g- and 20g- consistent with AML M6/MDS
and carried JAK2 V617F mutation

CD3-, CD13*, CD14-, CD19-,
CD33*, CD41a*, CD71*, CD2353a*

CD3-, CD4%, CD13-, CD15%, CD19-,

Hyperdiploid with 4% polyploid
yperdiploid with 4% polyploidy CD33", CD34-, HLA-DR-

CD3-, CD4*, CD5-, CD8-, CD10-,
CD14-, CD15%, CD19-, CD33*,
CD34-

Hyperdiploid carry a t(4;11) and carries an FLT3
internal tandem duplication

Flat-moded hypotetraploid with hypodiploid
sideline and 1.5% polyploidy, c-myc amplicons
present in der(1) and in both markers

CD3-, CD4%, CD13*, CD14-, CD15%,
CD19-, CD33*, CD34-, HLA-DR-

Flat-moded hypotriploid carries t(10;11) (seen in
AML M5) and t(1;5) resembles variant of t(2;5)

CD3-, CD4*, CD14-, CD15*, CD19-,
CD33*, CD34-, CD54*

Hyperdiploid carry an NPM1 gene mutation (type
A) and the DNMT3A R882C mutation

CD3-, CD4*, CD13*, CD14-, CD15*,
CD19-, cyCD68*, HLA-DR-

Hypodiploid carry the t(8;21) leading to RUNX1-
RUNX1T1 (AML1-ETO) fusion transcript and carry
the KIT mutation N822

CD3-, CD4*, CD13*, CD14-, CD15%,
CD19-, CD33*, CD34*, CD38",
CD71*, HLA-DR*

Hypodiploid with 4.5% polyploidy and express
fusion gene FGFR10P2-FGFR1 (OP2-FGFR1)

CD3-, CD13*, CD14-, CD15%, CD19-
, CD33*, CD34*, HLA-DR*

DSMz
ACC-No.

ACC 16

ACC11

ACC 549

ACC 102

ACC3

ACC5

ACC 582

ACC 220

ACC 14
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3.3 A NGS-based approach for the identification of new ligands for V61* T cell

3.3.1 Donor selection and DOT cell (bulk) expansion

Fresh blood samples were collected from a cohort of 9 volunteers, diluted with 1 volume of PBS (Invitrogen
Life Technologies), and separated on a Histopaque-1077 density gradient. 0.5*10°6 PBMCs/donor were
then stained with anti-TCRVS1 (clone TS8.2), anti-TCRVS2 (clone 123R3), anti-CD3 (clone HIT3a) for the
flow cytometry data acquisition on LSR Fortessa (BD); the remaining samples were stored at 4° overnight.
On the next day, four donors with the highest V61* cell fraction were selected, and their PBMC samples
were subjected to DOT cell expansion protocol as described in 3.2.3 and summarized in figure 3.3.

Note:

1. Donor 5 was substituted by Donor 4 in a following expansion because the expansion protocol did
not work as described and a rare NK subset was expanded at the expenses of the V61" one;

2. Samples obtained from these four donors are the same described in 3.2.3;

3. At the end of expansion, bulk DOT cells were frozen as viable cells and as dry pellet for HTS
sequencing after snap-freezing in liquid nitrogen (see 3.2.6)

3.3.2 Vb61* clone generation

A limiting dilution and a single-cell sorting protocols were designed and tested to generate V61" clones

3.3.2.1 Limiting dilution protocol to generate V61* clone

Limiting dilution has been the golden standard protocol in T cell clone generation and, in order to generate
V61* clone, 5000 FACS-sorted CD3* TCRVS1*TCRVS2- in decuplicate were plated in 96 wells/plate and
diluted 1:2 until the final concentration of 0.038 cell/well was reached (17 dilutions). Irradiated autologous
feeders were subsequently added. Accordingly to the previously described formula based on a Poisson
distribution (m = =In Fo)3%, a clone is successfully established at whichever dilution of the cell suspension
that gives 37% negative cultures.

3.3.2.2 Single-cell sorting protocol to generate V61* clone

A second, faster and easier, protocol for V61* clone generation was established using a modified version of
the DOT cell expansion protocol described in 3.2.3. PBMCs were MACS-sorted for y& TCR using a negative
selection strategy (non-yd depletion kit by Miltenyi Biotech). Positive fraction was collected and frozen in
aliquots as viable cells. MACS-sorted y& T cells were then stained with anti-TCRV&1 (clone TS8.2), anti-
TCRVS2 (clone B6), anti-CD3 (clone HIT3a), FACS-enriched for CD3* TCRVS1*TCRVE2- cells and sorted as
single cells into 96 wells/plate using a FACS Arialll machine (BD). 300 CD3*TCRV&1*TCRVS2- single cells per
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donor (for a total of 1200 single cells) were cultured for 21 days using the DOT cell protocol in the presence
of 5*10* irradiated autologous blood y& depleted PBMCs. This feeder population was weekly renewed.

3.3.3 DOT bulk and V61* clone phenotypic and functional characterization

Starting from the expansion day 11, DOT cells from bulk expansions were weekly counted and phenotyped
using the antibody mixes listed in table 3.4. V61* clones obtained from the single cell seeding protocol were
stained with an antibody cocktail containing anti-TCRV61 (clone TS8.2), anti-TCRVS62 (clone B6), anti-CD3
(clone UCHT13), anti-NKp30 (clone P30-15) and anti-NKp44 (clone P44) or anti-TCRV&1 (clone TS8.2), anti-
TCRV62 (clone B6), anti-CD3 (clone UCHT13) and anti-Vy9 (clone B3).

Table 3.4 Antibody cocktails for DOT cell phenotype analysis

Mix 1 Mix 2 Mix 3 Mix 4 Mix 5
Marker Clone Marker Clone Marker  Clone Marker  Clone Marker Clone
CD20 2H7 CD8 HIT8a CD69 FN50 V61 TS8.2 CD27 LG7F9
CD19 HIB19 TCRyS& B1 V61 REA173 NKp30 P30-15 V61 REA173
CD14 HCD14 CD3 HIT3a CD3 HIT3a NKG2D 1D11 CD62L DREG-56
CD56 HCD56 TCRafB BW242/412 V62 123R3 NKp44 P44-8 CD45RA H1100
CD3 UCHT13 CDh4 OKT4 CD25 BC96 CD3 WM15 CD3 WM15
CD16 3G8

AML cell lines (Table 3.3) were obtained from and authenticated by the German Resource Center for
Biologic Material (DSMZ). For DOT and clone functional characterization, AML cell lines were co-incubated
with previously CFSE-stained (1:1000 in PBS with no FBS) DOT cells or V61" clones at optimized effector:
target (5 : 1) ratio for 3 hours. A pre-treatment to block the TCR on the clone was performed using an anti-
V61 antibody (clone TCS-1). After the co-incubation, cells were washed and stained with Annexin-V; flow
cytometry data were acquired on a LSR Fortessa (BD) and data was analyzed with FlowJo X software (Tree
Star).

3.3.4 RNA extraction, cDNA synthesis and sequencing

RNA extraction was performed using the RNAeasy micro kit (Qiagen). Next, 12ul mRNA of each sample
were reverse transcribed with the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific)
using oligo-dT primers and following manufacturer’s guidelines. cDNA samples were then amplified by PCR
(40 and 45 cycles for y and & amplification, respectively) using the following forward (5’-3’; TRDV1:
CTGTCAACTTCAAGAAAGCAGCGAAATC; TRGV2F: ATACCGAGAAAAGGACATCTATG; TRGV9F:
CGGCACTGTCAGAAAGGAATC; TRGVIF: CGGCACTGTCAGAAAGGAATC) and reverse primers (5’-3’; TRGCB:
CAAGAAGACAAAGGTATGTTCCAG; TRDCB: GTAGAATTCCTTCACCAGACAAG). PCR products were sent to
Genewiz for Sanger sequencing. Finally, CDR3 regions were mapped using IMGT/V-QUEST
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3.3.5 Clone selection

From the starting 1200 CD3*TCRVO1*TCRV62- single cells, clones were selected accordingly to their
doubling time, number of cells in culture, phenotype, functional and TCR-mediated killing of the AML Kgl
cell line, presence in the ex vivo blood sample and in the DOT expanded bulk of the same and other donors.

3.3.6 TCRcloning

TCRs from selected clones were subjected to molecular cloning to generate a J.RT3 cell line reporter with
the TCR of interest981%9,

3.3.6.1 RNA extraction and cDNA synthesis

RNA extraction was performed on 0.5*10° cells (when possible) using the RNAeasy micro kit (Qiagen). Next,
12ul mRNA of each sample was reverse transcribed with the RevertAid H Minus First Strand cDNA Synthesis
Kit (Thermo Scientific) using oligo-dT primers and following manufacturer’s guidelines.

3.3.6.2 Chain amplification and purification from gel

TCR cDNAs were isolated using a Phusion High-Fidelity DNA Polymerase (New England Biolabs). The
following primers were designed (5’-3’): forward gamma 8 AAAAAGATCTTGAGAGGGTCTT; forward gamma
9 AAAAAAGATCTGACACCGCTTTACAACGA; reverse gamma (GD04) AAAAAGTCGACGTGAGGTTCTCTGTGT;
forward deltal AAAAAGATCTCTTCAGGCACCACAACT; Reverse delta
AAAAAGTCGACAGCGTATCACTTGTAGGAGTAA. Bglll (AGATCT) and Sall (GTCGAC) restriction sites were
added. The PCR mix/sample for chain isolation was composed of: 10uL HF Buffer; 1uL dNTP mix (10mM);
2x1pulL primers (forward and reverse - 10uM); 3uL cDNA product; 33.5uL water (to 50uL). PCR was designed
to have 40 amplification cycles as follow: 98°C 5’; (98°C 10”’; 57°C 30”; 72°C 45”)*40; 72°C 10’. PCR
products were then verified on 1.5% agarose gel. Bands with amplicons having the expected size (1000-
1300bp) were excised and purified using the MinElute Gel Extraction Kit (Qiagen) following manifacturer’s
instructions. Purified PCR products were then measured using a Nanodrop 2000 (Thermo Fischer).

3.3.6.3 Ligation into plasmid and bacterial transformation

Ligation of purified PCR products was done in the pCR-Blunt vector and using TOP10 competent cells (Zero
Blunt™ PCR Cloning Kit - Thermo Fischer) following manufacturer’s instruction. The ligation step was
modified increasing the reaction time (ON at 16°C) and using the following reaction mix: 1uL pCR blunt
plasmid (25ng); 70ng (1000bp) to 85ng (1200bp) of PCR product (1-5uL); 1uL 10X ligation buffer; 1uL T4
DNA ligase; water to 10ulL final volume. Transformation reactions were plated at two different
concentration (10uL/plate and 100ul/plate) in Agar plates with Kanamycin (50ug/ml) for bacterial
selection.
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3.3.6.4 Plasmid purification and colony selection

We used two procedures to verify plasmids:

1) Analysis by restriction digest: 10 colonies/plate were selected (up to 24 colonies analysed at

the same time), grown ON in 2mL LB medium * Kanamycin (50ug/ml) and plasmid were purified
the day after using the GenelET Plasmid Miniprep Kit (Thermo Fisher) following manufacturer’s
instructions. Purified plasmids were digested using A) EcoRl and B) Bgll * Sall following
manufacturer’s instruction (restriction enzymes were all purchased from New England BiolLabs).
EcoRI makes two visible fragments in the 6 cDNA but only one in the y cDNA. Bglll * Sall return
one fragment of 1100 - 1200bp. Positive colonies were sent to sequencing and saved as glycerol
stock.

M|A B C|/A B C|A B C[A B C M|J]A B C[A B C/IA B C|ABC|IABC

b el e
- — N — e et

e

Figure 3.6 Example of analysis by restriction digest. A positive digest for y chain is shown on the left picture (forth group) and for 6
chain on the right (fifth group)

3.3.6.5

2) Analysis by PCR: 10 to 20 colonies/plate (up to 96 colonies analysed at the same time) were

picked and resuspended in 30uL in 96 wells/plates. 15uL of bacterial suspension were used for
the PCR reaction and 15uL were saved at RT until the reaction was completed. PCR reaction and
primers are described in 3.3.6.2. The first step in the PCR reaction, with the temperature
increasing to 98°C, is enough to lyse bacterial cells in suspension. After the PCR reaction, the
products were analyzed on an 1.5% agarose gel. Bacteria which gave a successful amplification
were grown ON, in 2mL LB medium * Kanamycin (50ug/ml) and plasmid were purified the day
after using the GenelET Plasmid Miniprep Kit (Thermo Fisher), sent to sequencing and saved as
glycerol stock.

Plasmid sequencing and sequence analysis

Positive colonies were sent to Genewiz (Bordeaux) or to Stab Vida (Lisbon) for sequencing. Once retrieved
the results (in form of paired ends), sequences were merged to obtain the full-length cDNA insert. Merged
sequences were subjected to 4 validation steps:

1)

CDR3 region was analysed and compared to the sequencing data obtained for the clone selection
(3.3.5); primer regions were also identified in order to delimitate the insert size inside the plasmid
vector;

ORFs were analysed on https://www.ncbi.nlm.nih.gov/orffinder/ and translated into amino acid
sequence using the same webtool; only the inserts that had no stop codon and that were
comparable in size to other described TCRs were selected;
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3) Prediction of transmembrane helices in the insert was evaluated
(http://www.cbs.dtu.dk/services/TMHMM/);

4) The insert sequence was aligned using ClustalW to other TCRs of reference (Table 3.5 and 3.6).

Table 3.5 y chains of reference used for the sequence alignment

>LESy4

MQWALAVLLAFLSPASQKSSNLEGRTKSVIRQTGSSAEITCDLAEGSTGYIHWYLHEGKAPQRLLYYDSYTSSVVLESGISPGKYDT
YGSTRKNLRMILRNLIENDSGVYYCATWDGFYYKKLFGSGTTLVVTDKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLEKFFPDIIKI
HWQEKKSNTIMGSQEGNTMKTNDTYMKFSWLTVPEESLDKEHRCIVRHENNKNGIDQEIIFPPIKTDVTTVDPKDSYSKDANDVI
TMDPKDNWSKDANDTLLLQLTNTSAYYMYLLLLLKSVVYFAIITCCLLGRTAFCCNGEKS

>y8Nantes

MLLALALLLAFLPPASQKSSNLEGRTKSVTRPTGSSAVITCDLPVENAVYTHWYLHQEGKAPQRLLYYDSYNSRVVLESGISREKYH
TYASTGKSLKFILENLIERDSGVYYCATWDSSKLFGSGTTLVVTDKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLEKFFPDIIKIHW
QEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEESLDKEHRCIVRHENNKNGIDQEIIFPPIKTDVTTVDPKYNYSKDANDVITMD
PKDNWSKDANDTLLLQLTNTSAYYTYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS

>PINy4

MLLALALLLAFLPPASQKSSNLEGRTKSVTRPTGSSAVITCDLPVENAVYTHWYLHQEGKAPQRLLYYDSYNSRVVLESGISREKYH
TYASTGKSLKFILENLIERDSGVYYCATWDNYKKLFGSGTTLVVTDKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLEKF
FPDIKIHWQEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEESLDKEHRCIVRHENNKN
GIDQEIFPPIKTDVTTVDPKYNYSKDANDVITMDPKDNWSKDANDTLLLQLTNTSAYYTYLLLLLKSVVYFAITCCLLRRTAFCCNG
EKS

>CHAMy

MQWALAVLLAFLSPASQKSSNLEGRTKSVIRQTGSSAEITCDLAEGSTGYIHWYLHQEGKAPQRLLYYDSYTSSVVLESGISPGKYD
TYGSTRKNLRMILRNLIENDSGVYYCATWEGYKKLFGSGTTLVVTDKQLDADVSPKPTIFLPSIAETKLOKAGTYLCLLEKFFPDVIKI
HWQEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEKSLDKEHRCIVRHENNKN
GVDQEIIFPPIKTDVITMDPKDNCSKDANDTLLLQLTNTSAYYMYLLLLLKSVVYFAITCCLLRRTAFCCNGEKS

>MAUyY9

MLSLLHTSTLAVLGALCVCGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRERPGEVIQFLVSISYDGTVRKESGIPSGKFE
VDRIPETSTSTLTIHNVEKQDIATYYCALWEVQSVEKLFGSGTTLVVTDKQLDADVSPKPTIFLPSIAETKLOQKAGTYLCLLEKFFPDIIK
IHWQEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEESLDKEHRCIVRHENNKNGIDQEIIFPPIKTDVTTVDPKYNYSKDANDVI
TMDPKDNWSKDANDTLLLQLTNTSAYYTYLLLLLKSVVYFAITCCLLRRTAFCCNGEKS

>y9clone26

MLSLLHTSTLAVLGALCVYGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRERPGEVIQFLVSISYDGTVRKESGIPSGKFE
VDRIPETSTSTLTIHNVEKQDIATYYCALWEGNHYYKKLFGSGTTLVVTDKQLDADVSPKPTIFLPSIAETKLOKAGTYLCLLEKFFPDI
IKIHWQEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEESLDKEHRCIVRHENNKNGIDQEIFPPIKTDVTTVDPKYNYSKDAND
VITMDPKDNWSKDANDTLLLQLTNTSAYYTYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS

>y9Nantes

MLSLLHASTLAVLGALCVYGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRERPGEVIQFLVSISYDGTVRKESGIPSGKFE
VDRIPETSTSTLTIHNVEKQDIATYYCALWEAQQELGKKIKVFGPGTKLIITDKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLEKFFP
DVIKIHWEEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEKSLDKEHRCIVRHENNKNGVDQEIIFPPIKTDVITMDPKDNCSKD
ANDTLLLQLTNTSAYYMYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS

Table 3.6 6 chains of reference used for the sequence alignment

>MAUS

MGQKVTQAQSSVSMPVRKAVTLNCLYETSWWSYYIFWYKQLPSKEMIFLIRQGSDEQNAKSGRYSVNFKKAAKSVALTISALQ
LEDSAKYFCALGDLTGVPITDKLIFGKGTRVTVEPRSQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPS
GKYNAVKLGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
KVNMMSLTGSLHHILDAQKMVWNHR

>CHAM®S

MLFSSLLCVFVAFSYSGSSVAQKVTQAQSSVSMPVRKAVTLNCLYETSWWSYYIFWYKQLPSKEMIFLIRQGSDEQNAKSGRYS
VNFKKAAKSVALTISALQLEDSAKYFCALGAPPLLLYWGITDKLIFGKGTRVTVEPRSQPHTKPSVFVMKNGTNVACLVKEFYPKD
IRINLVSSKKITEFDPAIVISPSGKYNAVKLGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAI

VHTE KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL

>PIN&

MLFSSLLCVFVAFSYSGSSVAQKVTQAQSSVSMPVRKAVTLNCLYETSWWSYYIFWYKQLPSKEMIFLIRQGSDEQNAKSGRYS
VNFKKAAKSVALTISALQLEDSAKYFCALGDYLGDKYPSYDLLGDTTDKLIFGKGTRVTVEPRSQPHTKPSVFVMKNGTNVACLV
KEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKLGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKS
CHKPKAIVHTE KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL

>&1David

MLFSSLLCVFVAFSYSGSSVAQKVTQAQSSVSMPVRKAVTLNCLYETSWWSYYIFWYKQLPSKEMIFLIRQGSDEQNAKSGRYS
VNFKKAAKSVALTISALQLEDSAKYFCALGELGDDKLIFGKGTRVTVEPRSQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVS
SKKITEFDPAIVISPSGKYNAVKLGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL

>LES65

MAMLLGASVLILWLQPDWVNSQQKNDDQQVKQNSPSLSVQEGRISILNCDYTNSMFDYFLWYKKYPAEGPTFLISISSIKDKN

EDGRFTVFLNKSAKHLSLHIVPSQPGDSAVYFCAASSPIRGYTGSDKLIFGKGTRVTVEPRSQPHTKPSVFVMKNGTNVACLVKE
FYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKLGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCH
KPKAIVHTEKVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL

>83Nantes

MILTVGFSFLFFYRGTLCDKVTQSSPDQTVASGSEVVLLCTYDTVYSNPDLFWYRIRPDYSFQFVFYGDNSRSEGADFTQGRFSV
KHILTQKAFHLVISPVRTEDSATYYCAFTGLGDTSHADKLIFGKGTRVTVEPRSQPHTKPSVFVMKNGTNVACLVKEFYPKDIRIN
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LVSSKKITEFDPAIVISPSGKYNAVKLGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHT
EKVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL

>63clone26 MILTVGFSFLFFYRGTLCDKVTQSSPDQTVASGSEVVLLCTYDTVYSNPDLFWYRIRPDYSFQFVFYGDNSTSEGADFTHGRFSV
KHILTQKAFHLVISPVRTEDSATYYCAFIGRYGYTDKLIFGKGTRVTVEPRSQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVS
SKKITEFDPAIVISPSGKYNAVKLGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTEKV
NMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL

>62Nantes CAPPAGYQLHRGGGRSRTSGSPGEAMQRISSLIHLSLFWAGVMSAIELVPEHQTVPVSIGVPATLRCSMKGEAIGNYYINWYRK
TQGNTMTFIYREKDIYGPGFKDNFQGDIDIAKNLAVLKILAPSERDEGSYYCACDTLGMGGEYTDKLIFGKGTRVTVEPRSQPHT
KPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKLGKYEDSNSVTCSVQHDNKTVHSTDFEVKTDS
TDHVKPKETENTKQPSKSCHKPKAIVHTEKVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL

3.3.6.6 Ligation and second bacterial transformation

Colonies bearing validated cDNA sequences were grown ON in 2mL LB medium * Kanamycin (50 pg/ml) and
plasmid were purified the day after using the GenelET Plasmid Miniprep Kit (Thermo Fisher). Purified
plasmids were digested using Bgll * Sall following manufacturer’s instruction for 3 hours and the digestion
products were ligated ON at 16°C into a TEEW vector provided by our collaborators in Bordeaux. The
ligation mix was composed as follow: 1uL vector; 1uL insert; 1uL T4 buffer; 7uL RNAse free water. 1uL T4
ligase (New England BiolLabs) was added at the end. Endura competent cells were transformed the day
after using the heat shock protocol used in 3.3.6.3. Transformation reactions were plated at two different
concentration (10uL/plate and 100uL/plate) in Agar plates with Ampicillin (100pg/mL) for bacterial
selection.

3.3.6.7 Plasmid purification and verification

10 colonies/plate were selected (up to 24 colonies analysed at the same time), grown ON in 2mL LB
medium * Ampicillin (100pug/mL) and plasmid were purified the day after using the GenelET Plasmid
Miniprep Kit (Thermo Fisher) following manufacturer’s instructions. Purified plasmids were digested using
A) BamHI * Sall and B) Xhol * Sall following manufacturer’s instruction (restriction enzymes were all
purchased from New England Biolabs). BamHI * Sall digestion gives no bands whereas Xhol * Sall digestion
will result in a fragment between 1000 — 1200bp.

3.3.6.8 Lentiviral production

2*10° HEK293T cells (obtained from a laboratory in IMM) were plated in Petri dishes the day before
transfection in DMEM 10%FBS, 1%PenStrep and 1%NEEA. The day after, the transfection mix was added to
the plate containing (per plate): 500uL OPTIMEM medium, 15uL X-tremeGENE™ 9 DNA Transfection
Reagent (Sigma-Aldrich), 17ug pCL-Eco and 4.25ug pCMV-VSV-G plasmids and 21.25ug of plasmid
containing the cDNA for the TCR of interest (pCL-Eco and pCMV-VSV-G plasmids were produced
transforming TOP10 competent cells with plasmid aliquots provided by a lab member). The transfection
mix was then added to the plates. Culture medium was changed on the next day. Three daily medium
harvests were planned to start from the second day after transformation. Briefly, medium was collected,
centrifuged and filter using low protein binding filters to eliminate medium contaminants such as cells and
debris; next, medium was centrifuged at 75600g for 2 hours at 4°C. After centrifugation, supernatant was
eliminated, and pellet resuspended in fresh medium, aliquoted, frozen in nitrogen and stored at -80°C.
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3.3.6.9 Reporter generation

Cell line J.RT3 was used as background to generate TCR reporters. This is a mutant line derived from the E6-
1 clone of Jurkat (ATCC TIB 152) that lacks the B chain of the T cell antigen receptor. The cells do not
express either CD3 or the af TCR on the surface. 1*10° J.RT3 cells were plated into 6 wells/plate at the
concentration of 0.4*10° cells/ml and transduced using increasing volumes (24puL, 48uL or 96uL) of viral
suspension (3.3.6.8). The day after, cells were washed twice and moved to T25 flasks. One week after
transduction, efficiency of transduction was assessed in terms of CD3 and y6 TCR expression by flow
cytometry using anti-TCRV61 (clone TS8.2) and anti-CD3 (clone HIT3a). Data were acquired on a LSR
Fortessa 2 (BD).

3.3.7 Reactivity assay

To assess reporter activity in terms of TCR mediated recognition of target cells, 0.05*10° J.RT3-TCR" cells
were stained with DDAose (1:1000) and co-incubated with target cell lines, primary samples or PBMCs
(Table 3.7) at 1:1 ratio during 4 hours. At the end of the co-culture, activation was evaluated by CD69
activation (MFI). Cells were stained with anti-TCRV&1 (clone TS8.2), anti-CD3 (clone HIT3a) and anti-CD69
(clone FN50). The protocol was successively modified to include reporter incubation with 2pug/mL anti-CD3
(clone HIT3a) for 10’. Additional experimental controls were added: target cell incubation with Fc Receptor
Binding Inhibitor Polyclonal Antibody (anti-CD16, anti-CD32, anti-CD64 - Thermo Fischer) or anti 1gG2a
(clone eBM2a) on the target cells and pre-incubating the reporters with other anti-CD3 clones (OKT3 and
UCHT1).

10’ aCD3
prestimulation TO +4hrs

1 1 1 1 1

I I I I I
L1 1 1 1 1 >

1 1 1 1 1

Stain JRT3-2.74 Coculture JRT3-2.74 + Coculture JRT3-2.74 + Check activation

(DDAose) Target cell line Target cell line by CD69 (MFI)

Table 3.7 Cell lines and cells used for the reactivity assay

Cell line  Disease

GDM-1 | Myelomonoblastic leukemia
KG-1a | Acute myelogenous leukemia
HEL | Erythroleukemia
AML-193 | Acute monocytic leukemia
MV4-11 | Biphenotypic B myelomonocytic leukemia
HL-60 | Acute promyelocytic leukemia
U-937 | Histiocytic lymphoma
OCI-AML3 | Acute myeloid leukemia (AML FAB M4)

Peer | T cell acute lymphoblastic leukemia (T-ALL)
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Thp-1 | Acute monocytic leukemia
KG-1 | Acute myelogenous leukemia
Dohh2 | B cell lymphoma
Molt-4 | Acute lymphoblastic leukemia
Nalm-6 | Acute lymphoblastic leukemia (ALL)
Jurkat | Acute T cell leukemia
Mec-1 | Chronic B cell leukemia
Mec-2 | Chronic B cell leukemia
Ramos | Burkitt's lymphoma (American)
Hpb-all | T cell leukemia ALL
Daudi | Burkitt's lymphoma
Rs4-11 | Acute lymphoblastic leukemia (ALL L2)
Rch-acv | Common acute lymphoblastic leukemia (cALL)
Reh | Acute lymphocytic leukemia (non-T; non-B)
697 | Acute lymphoblastic leukemia (cALL)
Raji | Burkitt's lymphoma
Pc-3 | Prostatic adenocarcinoma
Hct-116 | Colorectal carcinoma
Mda-mb-231 | Mammary gland adenocarcinoma
He-la | Cervical carcinoma

Primary AML
samples
PBMCs | See 3.2.9

See 3.2.9

3.3.8 Statistical analysis

Performed using GraphPad Prism software. All data expressed as mean +/- SEM. Comparisons of two
groups by Student’s t-test.
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4 Results

4.1 High-throughput analysis of the human thymic V&1 * TCR repertoire

In press in Scientific Data (Di Lorenzo et al.)

4.1.1 Introduction

v& T cells constitute a small (~5-10%) but unique subpopulation of T cells. Because of their features,
including antigen recognition through a somatically rearranged T cell receptor (TCR) as well as through

several NK cell receptors?”®

, cytokine production and immunoregulation??, they can act as a bridge between
innate and adaptive immunity, rapidly responding to infected or transformed cells in a major

histocompatibility complex (MHC)-independent manner?”,

It is well established that a T cells undergo positive and negative selection in the thymus depending on
their TCR avidity for thymically expressed self-antigens'?® and this further results in expression of one single
B-chain due to allelic exclusion during thymic development3®. However, there is little evidence supporting
the hypothesis of human y& T cells being positively and/or negatively selected in the thymus. Indeed, post-
natal human y6 T cells seem to only complete their maturation program in the periphery, especially upon
infection challenge that triggers clonal expansion®®!21-124 Thus, the goal of post-natal thymic development
seems to be the generation of a highly diverse, naive and immature human yé T cell repertoire. As such, the
main event for developing y&6 T cells is the generation of a functional TCR through the rearrangement of the
variable (V), diversity (D) and joining (J) segments and subsequent pairing of the rearranged y and 6 chains.
These events alone could lead to the establishment of a large number of diverse antigen receptors, but the
addition and/or subtraction of non-templated (N) and palindromic (P) nucleotides at the gene segment
junctions contribute substantially to increasing diversity, providing nearly limitless potential to the TCRyd
repertoire!?,

There are several subsets of human y& T cells, identified by the combination of specific TCRy- and &-chains
generated after successful V(D)J rearrangement of the TRG and TRD loci. 14 TRGV genes, of which only 6
are functional (Vy2, Vy3, Vy4, Vy5, Vy8 and Vy9), can rearrange with 5 TRGJ (JP1, JP, J1, JP2 and J2) genes,
whereas 7 TRDV genes (V61, V62, V63 and Val4/ V64, Va23/ V66, Va29/ V85, Va36/V67, Va38-2/ VE8) can
rearrange with three TRDD (D1, D2 and D3) and with four TRDJ genes (J1, J4, J2 and J3)*3. Although the
thymus can generate all the possible combinations of TRG and TRD genes, the major y6 T cell population in
peripheral blood (PB) expresses a TCR composed by Vy9 recombined with JP and paired with V52%. In fact,
this specifically rearranged Vy9V62 T cell subset is mostly produced during foetal life but still constitutes
the major y6 T cell subset in adults. Antigen-driven stimulation in the periphery underlies a strong and
specific expansion of this subset after birth and during the lifespan of each individual®?. Indeed, Vy9Vv62 T
cells can rapidly recognize, in a TCR-dependent manner, cellular dysregulation resulting from infection or
malignant transformation. The key partner of the Vy9V62 TCR is Butyrophilin subfamily 3 member Al
(BTN3A1), a receptor of the Ig superfamily that changes its extracellular conformation upon increase of
intracellular phosphoantigens (pAgs), an event that typically occurs as consequence of cellular stress®-?7°,
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V61 y& T cells are the second most abundant subset in the human PB, but they are actually the
predominant y& T cell subset in the post-natal thymus and in peripheral tissues (such as the intestine or the
liver), where V&1 is mainly paired to Vy8 or Vy9 chains. These y6 T cells play an important role during viral

V121,122 0

infections, especially CM , and tumour progression®l’. Indeed, a subpopulation of V61* T cells

recognizes nonpolymorphic MHC-like (class Ib) proteins presenting lipids, such as CD1 proteins, in a similar

way to other unconventional T cells like NKT or MAIT cells264265270.311

In fact, we have recently developed a clinical-grade method for expansion and differentiation of V61* T cells
aiming towards the development of a novel, V81* T cell-based cancer immunotherapy®*4.

Thanks to recent technical advances in the comprehensive analysis of TCR repertoires using next-
generation sequencing (NGS) approaches, it has become more accessible to understand the dynamics of T
cell development and homeostasis!?312, and T cell expansion in response to infections*?%313 or tumours3!4,
In this contest, the purpose of this study is to characterize the V61* TCR repertoire in the thymus of young
children, namely by providing a detailed description of transcribed (mRNA) V(D)J recombination products in
highly (FACS-)purified thymic V&61* T cells.

Moreover, PB and cord blood V61* T cells were described to display private TRD repertoires, in
contraposition to the respective TRG repertoire that showed a fraction of common (shared among
individuals) sequences?*12%, Here, we show that is also the case for purified V81* thymocytes, albeit these
shared TRG clonotypes consist of TRGJ1 gene segments. This raises the interesting question whether the
public TRG clonotypes of V61* T cells are selected (upon ligand encounter) in the thymus; or simply the
output of a favoured TCR rearrangement. This, in fact, is an open question also on the Vy9-JPV62
rearrangement that is prevalent in foetal life*!,
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4.1.2 Results

In order to study the clonality of the V61* thymocyte population, we collected thymic samples from 8
patients that underwent corrective cardiac surgery (n=8), from 5 days old up to 15 months of age3®. To
ensure the most reliable results and the lowest interferences coming from contaminating cells, we first
depleted the thymic samples for a3 T cells and then we sorted CD3* TCRVS1* TCRVS2  thymocytes by FACS.
Using this purification strategy, we were able to obtain V61* thymocyte samples that were between 98%
and 99.6% pure (Figure 4.1A-C). Next, we performed NGS experiments on sorted cells as summarized in
Figure 4.1D. Number of reads and number of unique clonotypes (productive and non-productive) obtained
after sequencing of the TRG and TRD repertoires are listed in Table 4.1. Since no clustering for age or sex
was observed in the datasets of TRG and TRD repertoires (Figure 4.1E-F), the herein described analyses
were made with no subset for these two parameters. Surprisingly, despite the high purities, the NGS
analysis revealed that among the retrieved sequences, only around 75% of them were V61 sequences,
whereas the remaining fraction was almost entirely constituted of V62 (and much fewer V&3) sequences
(Figure 1G-H). For consistency, examples of alignment are supplied as Supplementary Material. Of note,
only the chains that were predicted to be functional were considered for the analysis. Importantly, the
presence of non-V61 sequences in the pure V61* thymocyte samples was not observed in the PB V61* T cell
samples used as controls®!®, where most of the sequences were indeed V&81. Thus, the V562 (and V63)
sequence pool accounted for around 20% of the whole repertoire of sorted CD3* TCRV61" TCRVE2
thymocytes, whereas it constituted a negligible fraction of the PB samples (Figure 4.1H). Importantly, this
was true for in every donor analysed (n=8 for thymus, n=3 for PB controls), as highlighted by the minimal
standard errors (Figure 4.1H). Moreover, the analysis of V-J rearrangement in the TRG repertoires showed
that V segments, including the Vy9 sequences, rearranged preferentially with the TRGJ1 segment (Figure 1I-
J); whereas they did not include the VyJPV62 segment, thus excluding foetal-derived Vy9V62 T cells.

Table 4.1Number of reads and number of unique, productive and non-productive clonotypes for the TRG and TRD repertoires

TRG TRD
Unique Productive Non-' Unique Productive Non-.
Sample Reads clonotypes clonotypes productive Sample Reads clonotypes clonotypes productive
(#) #) #) clonotypes (#) #) #) clonotypes
(#) (#)
Thy01 124241 76328 67507 8821 Thyo1 131535 100266 91681 8585
Thy02 96287 56506 50685 5821 Thy02 121295 87858 80976 6882
Thy03 64503 33011 28952 4059 Thy03 74996 45926 43040 2886
Thy04 79888 45902 40174 5728 Thy04 65350 39273 35977 3296
Thy05 93350 73592 61880 11712 Thy05 183095 158166 142893 15273
Thy06 120272 87512 74731 12781 Thy06 210602 164881 150875 14006
Thy07 67874 53047 46856 6191 Thy07 107236 94185 85930 8255
Thy08 74645 44767 38204 6563 Thy08 118791 70505 63701 6804
PBO1 46645 561 561 0 PBO1 58483 744 673 71
PB02 74560 30475 22417 8058 PB02 158279 39499 32136 7363
PB03 95516 28347 21738 6609 PB03 126199 41244 34534 6710
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Figure 4.1 Isolated naive V81* thymocyte repertoires include a considerable fraction of V52 TCR sequences. FACS-sorted CD3*

TCRVS61* TCRVE2- thymocytes were analysed at the mRNA level by next-generation sequencing of CDR3 regions of TRG and TRD. (a)
Name, age (d = days, m = months), sex, purity and number of sorted cells of the analysed samples (n=8). (b-c) Pre- and post-sorting
gating strategy. CD3* TCRaB8- TCRVS61* TCRVS2- cells were sorted to >98% final purity. After selection of Singlets (FSC-A x FSC-W)
and exclusion of debris/dead cells (FSC-A x SSC-A), V61* cells were sorted from the CD3*aB- population. (d) Amplicons were
generated from sorted V61* thymocyte by mRNA/cDNA based multiplex PCR technology. Multiplex primer sets amplify CDR3 regions
by targeting Vy or V& and constant gene segments, with the addition of Illumina sequencing adapters as overhangs (red). Sequences
were obtained by lllumina MiSeq sequencing and next annotated by IMGT as described in the methods section before downstream
bioinformatics analysis. (e-f) Hierarchical clustering of thymic and PB TRG and TRD samples using F pairwise similarity metric.
Samples were clustered by age (months and days were normalized per year in order to have the same unit of measure - left) and sex
(right). (g) Total NGS counts and (h) relative fraction within repertoire of the thymic TRDV01, TRDV02 and TRDVO3 sequences
compared to those found in the PB of an unrelated cohort of healthy donors (n=3). Graphical representation of V-J rearrangement in
the TRG repertoire (i) and in the Vy9 sequences (j) indicates a preferential usage of the J1 segment. Indicated are mean + SEM;

Mann-Whitney test was used to compare groups (*p<0.05).

We next employed a Treemap type of graph for the clonotype graphical representations (Figure 4.2A-C). In
these graphs, clonotypes are grouped and colour-coded by chain (TRGV-02, -03, -04, -05, -08 and -09 for the
TRG datasets; TRDV-01, -02, -03, -04, -05 and -08 for the TRD datasets). Other layers of information are
included in these graphs. Indeed, each square represents a unique clonotype and its area is proportional
the clonotype relative fraction in the dataset. Clonotypes are then ordered by frequency from the most (top
left corner) to the least (bottom right corner) abundant. This analysis clearly revealed the presence of many
different sequences with very low frequencies in the thymic samples, and no skewing towards a specific
clonal pattern in either TRG or TRD repertoires (Figure 2A-B), whereas repertoires from PB are defined as
oligoclonal in the sense that the top 20 clonotypes (by frequency) usually account for more than 70% of the
whole repertoire (Figure 4.2C). Consistent with this, we found no significant biases in terms of CDR3 length
distributions in the thymic samples (Figure 4.2C-D), whereas the distribution plot for the PB control shows
clear signs of immunological memory with the loss of the typical gaussian-shaped distribution characteristic
of naive repertoires and the acquisition of spikes of more frequent sequences with CDR3 segment of the
same length. Interestingly, the clonotype graphical representation also highlighted that the non-Vé1
sequences were the most frequent and abundant clonotypes within the repertoire of the purified V61*
thymocyte samples (Figure 4.2B) and were almost absent in the PB control (Fig. 4.2C). Also, no differences
where observed in the CDR3 distributions of V81 and V62, except (and as expected) for the CDR3 length
median value.

Looking more deeply into the clonal diversity of the TRG and TRD repertoires, we found thymic samples
clustering together and separately from the PB controls, with the thymic TRG and TRD datasets being
considerably more diverse than the PB counterparts (Figure04. 2H-I). Despite the presence of thousands of
low abundant sequences, it was interesting to observe that a considerable number of TRG clonotypes was
shared between donors, up to 6.9*%10° shared sequences between Thy01 and Thy02 samples (Figure 4.2J).
This phenomenon was clearly restricted to the y-chain, since the highest number of shared TRD clonotypes
observed was just 116 between Thy05 and Thy06 samples (Figure 4.2K). Thus, whereas common TRG
sequences are found across thymic V61" samples, their TRD repertoires are essentially private.
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Figure 4.2 Thymic TCRy repertoire contains a fraction of public sequences whereas TCRS is private. (a-b) Graphical representation of
the thymic TRG (left) and TRD (right) repertoires. In these Treemap graphs, each square represents a clonotype bearing a unique
nucleotide sequence, its area being proportional to relative abundance in the repertoire; and the colours group the clonotypes by
TCR chains. (c) Graphical representation of a PB TRD control repertoire. (d-e) Thymic and PB (f) CDR3 length (number of nucleotides)
distributions for each TCR chain. (g) Example of CDR3 length distribution of thymic V61 (top) and V52 (bottom) sequences. (h-i)
Rarefaction analysis of repertoires from thymic and PB samples. The number of unique clonotypes in a sample are plotted against its
size. Solid and dashed lines are diversity estimates computed by interpolating and extrapolating using a multinomial model
respectively. (j-k) Number of shared TRGV and TRDV sequences across donors (Thy1-8).

4.1.3 Concluding remarks

In this study we applied NGS to highly (FACS-)purified V&1* T cells, which allowed us to reveal unsuspected
aspects of the rearranged and expressed (at the mRNA level) TRG and TRD repertoires of this cell
population. The most striking and surprising observation was the presence of a big fraction (~20%) of V62
sequences in the thymic TRD repertoire of all 8 donors. While a small fraction of V62 sequences, like the
one found in the PB V81* T cell pool, could be due to contamination during the FACS sorting of CD3* V61*
V62- cells, this cannot explain the large fraction of V62 sequences in the thymic V61* samples. In fact, the
most abundant and frequent thymic clonotypes in all the 8 donors were V62, which globally accounted for
around one fifth of the TRD repertoire. Of note, these V62 sequences are predicted to be functional and do
not include the common rearrangement with the VyJP segment, thus excluding a foetal origin.

At this point we can only speculate that the high amount of V62 sequences could be linked to biallelic
expression of 5-chains3%®317, Although it has been reported that y6 T cells might be capable to express two

functional TCR with different y-chains38

, we rather assume that the second allele might be silence post-
transcriptionally. However, to address these open questions systematically it would require a rather
challenging protein or mRNA analysis at the single-cell level (or derived clones). Thus, the hypothesis that
there would necessarily be a V62* single chain or heterodimer retained intracellularly, in order to allow the

V&61* TCR to be uniquely expressed on the cell surface deserves future investigation.

From a more global standpoint, and as already described for total (unsorted) y& thymocytes®!? and their a
counterparts®'®, the thymic V81* TCR (purified) repertoire was also unbiased and unfocused, with no
skewing towards some clonotypes. The absence of biases in the CDR3 length distributions, with median
distribution values around 40nt for TCRy and 60nt for TCRS, is also representative of repertoires that have
not yet encountered antigen. These characteristics are thus signatures of the naive repertoires present in
the thymus or in the cord blood!?, in stark contrast with peripheral blood repertoires, that become focused

toward specific clones due to antigen-mediated selection in the periphery?2124312,

Peripheral blood and cord blood V61" T cells were described to display private TRD repertoires, in
contraposition to their y-chains that showed a fraction of common (shared among individuals)
sequences?*12*, We now show that this is also the case for purified V81* thymocytes, which raises the
interesting question whether the public TRG clonotypes are selected (upon ligand encounter) in the
thymus; or simply the output of a favoured TCR rearrangement. This, in fact, is an open question also on
the Vy9-JPV62 rearrangement that is prevalent in foetal life*!.

In sum, this report constitutes a resource providing new data and qualifying previous conclusions on the
TCR repertoire of human thymic y6 T cells. Critically, the unexpected presence of a large fraction of V62
sequences in V61* thymocytes strongly advocates for the use of highly purified cell populations, ideally
complemented by single-cell validation experiments, to avoid misinterpretations of NGS data in future
studies.
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4.2 Broad cytotoxic targeting of acute myeloid leukaemia by highly polyclonal Delta
One T cells

Published online on April 2019 in Cancer Immunology Research (Di Lorenzo et al. 2019), doi:
10.1158/2326-6066.CIR-18-0647

4.2.1 Introduction

Acute myeloid leukaemia (AML) is the most common and one of the most lethal form of acute leukaemias
in adults. In Europe, the annual rate of AML incidence is 3.7 in 100,000, with 18,000 new cases estimated
per year’?, The standard treatment for the majority of newly diagnosed AML is still the same of four
decades ago, although several and significant research efforts have been made3?1322, Qutside the setting of
a clinical trial, the provided treatment is a combination of standard-dose cytarabine with an anthracycline
(daunorubicin or idarubicin) despite the approval of new options3?®. However, with the current treatments
and the improvements in the supportive care, the 5-year overall survival is in the range of 40-50% in
younger patients and in the range of 10-20% in older than 60 years old patients. The major clinical problem
with AML is relapse, since only ~10% of patients survive upon tumour recurrence (following an initial
complete response to treatment) and ultimately face problems derived from the treatment such as the
selection of chemoresistant clones that drive refractory relapses3?%32*, Indeed, most patients with AML die
from progressive disease after relapse, which is associated with clonal evolution at the cytogenetic
level??326, More in details, two major clonal evolution patterns might occur during AML relapse: 1) the
founding clone in the primary tumour gained mutations and evolved into the relapse clone, or 2) a
subclone of the founding clone survived initial therapy, gained additional mutations, and expanded at
relapse (Figure 4.3)*¥. Some mutations gained at relapse may alter the growth properties of AML cells, or
confer resistance to additional chemotherapy. Regardless of the mechanism, each tumour displayed clear
evidence of clonal evolution at relapse, and a higher frequency of transversions that were probably induced
by DNA damage from chemotherapy. Although chemotherapy is required to induce initial remissions in
AML patients, there could also be the possibility that it contributes to relapse by generating new mutations
in the founding clone or one of its subclones, which then can undergo selection and clonal expansion3%’.

Several new agents are currently under development, but there is still a clear need for newer therapies
aiming not only at the complete remission but also at the increasing of the progression-free survival and
minimal residual disease after treatment3?8, Promising alternatives to chemotherapy are novel targeted
therapies®*3?° and upcoming immunotherapies®?*, especially chimeric antigen receptor (CAR) T cell
transfer, fuelled by notable recent success in B-cell malignancies®* . By contrast, we are focusing on ex vivo
differentiated Delta One T (DOT) cells that rely on physiological receptors, namely TCR and NCR such as
NKp30 and NKp44, to distinguish transformed from healthy cells'**27%3%3 |mportantly, DOT cells are derived
from peripheral blood V61* y6 T cells, whose in vivo expansion correlated with enhanced long-term
disease-free survival of leukaemia patients that received allogeneic hematopoietic stem cell
transplantation3®,

While the clinical manipulation of V61* y6 T cells has been hindered by their relatively low abundance
(<0.5%) among peripheral blood lymphocytes, we recently devised the first clinical-grade protocol to
expand and differentiate large numbers of DOT cells endowed with potent anti-tumour cytotoxicity!+303,
Thus, our 3-week protocol achieves > 1,000-fold expansions of V61* y& T cells, for which the synergistic
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action of TCR and IL4 stimulation is critical (during its 1st stage), whereas the 2nd stage focuses on the IL15-
dependent differentiation of potent anti-tumour DOT cell effectors endowed with NCR expression!*,
Converging the properties and potential of DOT cells with the unmet immunotherapy needs of AML, in this
study we aimed to purpose DOT cells specifically for AML treatment.

Model 1

Model 2

Figure 4.3 Graphical representation of two clonal evolution patterns. The upper graph shows the dominant clone in the primary
tumour evolving into the relapse clone by gaining relapse-specific mutations; the bottom model shows a minor clone carrying the
vast majority of the primary tumour mutations survived and expanded at relapse. Adapted from327,
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4.2.2 DOT cell repertoire diversity characterization

On our path to the development of a novel V81* y8 T cell-based adoptive cell therapy for cancer!!*3%, we

started this study by further characterizing the DOT cell product. Strikingly, we found DOT cells to be
extremely polyclonal and thus devoid of dominant clones, in stark contrast to ex vivo V61* T cells from all

donors analysed (Figure 4.4A-D).
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Figure 4.4 PB and DOT TCRy and TCRé repertoires of fresh PB samples (upper panels) and of DOT cell (bottom) derived from the
same donors. Repertoires from four different healthy donors were analysed (A-D). Graphical representation of the TRG (left) and
TRD (right) repertoires. Each square represents a clonotype bearing a unique nucleotide sequence, its area being proportional to
relative abundance in the repertoire; and the colours group the clonotypes by TCR chains. In the bottom right corner, CDR3 length

(number of nucleotides) distributions for each TCR chain.

This was also clearly illustrated by the contribution of the top 20 expanded clones to the overall V61* TCR
repertoire: whereas they represented >60% in the peripheral blood, they accounted for less than 10% in

the DOT cell products (Figure 4.5).
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Figure 4.5 Contribution of the top 20 clones to the overall V61* TRG (left) and TRD (right) repertoires of each sample (HD #1-4,
healthy donors 1 to 4). Frequency of the top 20 clones is represented as coloured stacked bars.

We next aimed to better understand the basis for the remarkable diversification of the DOT cell repertoire
testing different conditions, as described in 3.2.5 and 3.2.6. First, we analysed two stimulation cocktails:
cytokine with no aCD3 stimulation (Ck) and aCD3 * IL2 stimulation with no additional cytokines (TCR) at day
11 (expansion mid time point), and at the end of the culture (day 21). Surprisingly, there were no significant
differences in the repertoire diversification using the two differently supplemented media at the two time-
points that were examined (Figure 4.6 and Figure 4.7).
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Figure 4.6 TRGV repertoire comparison of DOT medium with no aCD3 (Ck) and aCD3 * IL2 (TCR) supplemented media. Graphical
representation of TRGV repertoire and CDR3 length distribution after expanding cells with the standard DOT expansion protocol
(IL4, IFN-y, IL21, IL18 and aCD3 - left), with no aCD3 stimulation (IL4, IFN-y, IL21, IL18 and IL2 — Ck, center) and with aCD3
stimulation (IL2 and aCD3) at two time points (day 11 and day 21 — graphs on the top and on the bottom, respectively). Each square
represents a clonotype bearing a unique nucleotide sequence, its area being proportional to relative abundance in the repertoire;

and the colours group the clonotypes by TCR chains. In the bottom right corner, CDR3 length (number of nucleotides) distributions
for each TCR chain

70



HD#1, DOT (Delta, Day11) Chain HD#1, Ck (Delta, Day11) Chain HD#1, TCR (Delta, Day11) Chain

TRDVO1
TRDV02

TRDV03
TRDVOS(TRAV29)
TRDV08(TRAV38.2)

TRDVO1

TRDV02

TRDVO3
TRDVO5(TRAV29)
TRDVO8(TRAV38.2)

W TRDVO03
W TRDVO5(TRAV29)
W TRDVO08(TRAV38.2)

HD#1, DOT (Delta, Day21) Chain HD#1, Ck (Delta, Day21) Chain HD#1, TCR (Delta, Day21) Chain

H= ¥ m TROVO1 . BE TRDVO1 ---- I TRDVO1
™ TRDVO2 TRDV02 ..l ™ TRDVO2
™ TRDVO3 TRDV03 M TRDV03

M TRDVO5(TRAV29) - ... M TRDVOS(TRAV29)

W TRDVOS5(TRAV29)
TRDVO8(TRAV38.2) 1T}

Figure 4.7 TRGD repertoire comparison of DOT medium with no aCD3 (Ck) and aCD3 * IL2 (TCR) supplemented media.. Graphical
representation of TRGD repertoire and CDR3 length distribution after expanding cells with the standard DOT expansion protocol
(IL4, IFN-y, IL21, IL18 and aCD3 - left), with no aCD3 stimulation (IL4, IFN-y, IL21, IL18 and IL2 — Ck, center) and with aCD3
stimulation (IL2 and aCD3) at two time points (day 11 and day 21 — graphs on the top and on the bottom, respectively). Each square
represents a clonotype bearing a unique nucleotide sequence, its area being proportional to relative abundance in the repertoire;
and the colours group the clonotypes by TCR chains. In the bottom right corner, CDR3 length (number of nucleotides) distributions
for each TCR chain.

To further investigating the basis for DOT cell repertoire diversification, we next compared the TCR clonality
of DOT cells produced from pre-sorted differentiated CD27- versus naive CD27* subsets, sorted as displayed
in Figure 4.8.
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Figure 4.8 FACS sorting gating strategy for CD27- versus CD27* subsets. Events displayed in the left panel are gated on
Singlet/live/CD3*. CD27* and CD27- cells from the V51* population were sorted in parallel.

After 21 days in culture, sorted V61*CD27- and V81*CD27* consistently displayed distinct proliferation
capacities under the DOT cell protocol (Figure 4.9 A) and showed intrasample diversity, as indicated by the
Shannon diversity index measurements (Figure 4.9 B), and repertoire graphical representation similar to PB
and DOT samples, respectively (Figure 4.10 and Figure 4.11). Moreover, DOT cells obtained from HD#1-4
were highly enriched (87% to 98%) for CD27" cells (Figure 4.9 C).
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Figure 4.9 V61*CD27- and V61*CD27* diversification analysis under the DOT cell protocol. (A) Fold expansion of pre-sorted CD27-
versus CD27+ V61* T cells after 21 days with the DOT cell protocol (HD#5-6, healthy donors 5 and 6). (B) Shannon indices for intra-
sample variability of V§1*CD27- and V61*CD27* TRGV and TRDV repertoires and from Figure 6.2. (C) Percentage of CD27* cells after

21 days DOT cell expansion protocol inside the CD3*V51* population.
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Figure 4.10 V61* CD27- and V§1* CD27* TRGV repertoires. Graphical representation of TRGV repertoire and CDR3 length distribution
of ex vivo V61* cells (left panels) and using the standard DOT cell protocol to expand pre-sorted V51*CD27- (middle panels) or
V61*CD27* lymphocytes (right panels). Top graphs display results for HD#5 and bottom graphs for HD#6. Each square represents a
clonotype bearing a unique nucleotide sequence, its area being proportional to relative abundance in the repertoire; and the colours
group the clonotypes by TCR chains. In the bottom right corner, CDR3 length (number of nucleotides) distributions for each TCR
chain
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Figure 4.11 V61* CD27- and V61* CD27* TRDV repertoires. Graphical representation of TRDV repertoire and CDR3 length distribution
of ex vivo V81* cells (left panels) and using the standard DOT cell protocol to expand V§1*CD27- (middle panels) or V61*CD27*
lymphocytes (right panels). Top graphs display results for HD#5 and bottom graphs for HD#6. Each square represents a clonotype
bearing a unique nucleotide sequence, its area being proportional to relative abundance in the repertoire; and the colours group the
clonotypes by TCR chains. In the bottom right corner, CDR3 length (number of nucleotides) distributions for each TCR chain.

4.2.3 DOT cell recognition of AML cells

To evaluate DOT cell anti-AML activity, we tested bulk DOT cell products (from multiple donors) against
various AML cell lines (Table 3.3) as well as primary samples obtained from patients at diagnosis). DOT cells
from HD#1-4 were co-incubated at 10:1 (E:T) ratio for three hours with several AML cell line targets (Figure
4.12, left panel), AML primary samples (Figure 4.12, middle) and normal leukocyte populations (Figure 4.12,
right panel). Plots represent the percentage of Annexin V* target cells after co-incubation. Critically, DOT
cells promptly induced Annexin V* expression in AML primary cell lines and primary samples but did not
target any normal leukocyte population (neither myeloid nor lymphoid) from the peripheral blood of
healthy volunteers. Of note, DOT cell cytotoxicity clearly associated with increased degranulation and
expression of perforin and granzyme B upon tumour cell recognition (Figure 4.13)
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Figure 4.12 DOT cells target multiple AML cell types but not healthy leukocytes. In vitro killing assays with DOT cells produced from 4
healthy donors, co-incubated for 3 hours at 10:1 (E:T) ratio with the indicated AML cell lines (left), primary AML samples (middle) or
normal leukocyte populations FACS-sorted from the peripheral blood (right). CTR refers to tumour cells alone, without adding DOT
cells. Experiments were performed with technical triplicates
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Figure 4.13 DOT cell cytotoxicity via degranulation upon AML cell recognition. (Left) DOT cell expression of Granzyme B and Perforin
as assessed by intracellular flow cytometry. (Right) Percentage of CD107a* DOT cells after co-incubation with AML tumour targets;
or upon PMA/ionomycin stimulation (positive control); or no addition (negative control). Results are from two healthy donors, tested
in triplicates. Indicated are mean * SEM; *, p < 0.05, **, p < 0.01.

To further assess the functional relevance of DOT cell polyclonality, we generated clones from single-cell
sorted V61* T cells, expanded using an adapted DOT cell protocol including the addition of feeder cells to
support expansion from single-cells (Methods 3.3.2). CD3*TCRVS1*TCRV62- single cells were FACS-sorted
into 96 wells/plates; and cultured for 21 days using the DOT cell protocol in the presence of (weekly-
renewed) 10* irradiated autologous PBMCs (feeders). Cloning efficiency was between 21% and 28% (Figure
4.14 left), with average doubling times of 1.43, 1.62, 1.79 and 1.52 (Figure 4.14 middle). Absolute DOT cell
numbers in established clones are represented by individual dots Figure 4.14, right panel.
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Figure 4.14 V61* T cells clone generation. Left, cloning efficiency measured as percentage of successfully established clones on the
starting number of plated cells. Middle, doubling time of the established clones showed as box and whisker plot. Right, absolute
DOT cell numbers in the established clones (represented by individual dots).

We next tested clone cytotoxicity against the AML cell line KG-1 (Figure 4.15); cells were co-incubated for
three hours at 10:1 (E:T) ratio and then analysed by Annexin V staining (percentage of positive events
among pre-labelled KG-1 cells). Each bar represents an individual clone and the red dashed line represent
the percentage of Annexin V* KG-1 cells with no clone addition.
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Figure 4.15 In vitro killing of AML KG-1 cells by DOT cell clones generated from single V&1* T cells sorted from healthy donors Cells
were co-incubated for 3 hours at 10:1 (E:T) ratio and then analysed by Annexin V staining (percentage of positive events among pre-
labelled KG-1 cells). Each bar represents an individual clone and the red dashed line represent the percentage of Annexin V* KG-1
cells with no clone addition; experiments were performed in two technical replicates.

To functionally test if the TCR is involved, we performed the killing assay in the presence of an anti-V61*
TCR specific blocking monoclonal antibody (or isotype control) and observed a partial reduction (from 10%
to 80%, most frequently around 30%) in KG-1 cell targeting across a number of clones from different
donors (Figure 4.16).

Figure 4.16 Effect of & chain blockade using monoclonal antibody. Cells were
co-incubated for 3 hours at 10:1 (E:T) ratio and then analysed by Annexin V

TCR mediated killing staining (percentage of positive events among pre-labelled KG-1 cells). Each

100+ bar represents an individual clone. An anti-V61* TCR specific monoclonal
g 80 antibody (TCS-1) or isotype control (CTR) was added to the cultures. Clones
o herein displayed were selected for the highest blocking effect. Experiments
E 60 were performed in technical duplicates.
= a0- . . . .
E Since the TCR blockade induced only a partial reduction, we
=< - . .

2 analysed the expression of two NCRs (NKp30 and NKp44) in DOT

0- cells and observed that NKp30 was the most expressed. We
HD#1 HD#2  HDE  HD# ot performed a CRISPR/Cas9 knockout of the putative NKp30
ICTR W +anti VB1(TCS-1) ligand (B7-H6) on the AML cell line HEL and we tested DOT cell

capability of inducing apoptosis in the newly target cell line. The absence of B7-H6 reduced the killing of

nearly 40% (Figure 4.17)
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Figure 4.17 DOT cells employ NKp30 to kill AML cells.NKp30 Real-time PCR assessing B7-H6 mRNA in parental (B7-H6./:) and
CRISPR/Cas9-manipulated (B7-H6./-) AML HEL cell lines (middle). On the right, In vitro killing of B7-H6+/+ or B7-H6-/- AMILHEL cells by bulk
DOT cells produced from 3 healthy donors (tested in technical duplicates). Cells were coincubated for 3 hours at 10:1 (E:T) ratio and then
analysed by Annexin V staining (shown are percentages of positive events among prelabelled HEL cells). Indicated are mean + SEM (***,

P<0.001).

To test DOT cells against AML in vivo, we established three independent xenograft models of AML (Figure
4.18). DOT cells were transferred to NSG mice pre-injected with KG-1 AML cells (A-B); HEL-bearing NRGS
hosts; or NSGS mice bearing primary AML cells. Tumour burden was assessed in the blood and liver one
week after the last DOT cell transfer or through weekly bleedings. Strikingly, both in AML cell line models
(Figure 4.18A-C) and patient-derived xenografts (Figure 4.18D-E), DOT cell treatment markedly reduced
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Figure 4.18 In vivo AML targeting by DOT cells. DOT cells were transferred to NSG mice (n = 6 CTR, 7 DOT treated mice) pre-injected
with KG-1 AML cells (A-B); HEL-bearing NRGS hosts (n = 5 CTR, 4 DOT treated mice; p < 0.05); or NSGS mice (n =5 CTR, 5 DOT
treated mice) bearing primary AML cells (D-E). Tumour burden was assessed in the blood and liver one week after the last DOT cell
transfer (A); or through weekly bleedings (D). Animals were sacrificed when advanced disease symptoms (such as back leg paralysis)
were observed. Survival curves are presented in panels B (p < 0.05), C (p < 0.05) and E (p < 0.01).

Given that the major therapeutic problem in AML is chemoresistance, we subjected AML cells to high doses
of cytarabine plus doxorubicin for 72h, which led to >99% tumour cell elimination; and then allowed the
survivor cells to re-grow before re-treating them with chemotherapy or DOT cells. Whereas the cytotoxic
efficacy of chemotherapy was drastically reduced, that of DOT cells was not impacted (Figure 4.19 A). We
also questioned the ability of DOT cells to re-target AML cells “relapsing” after a first DOT cell treatment
that also eliminated >99% tumor cells in 72h (Figure 4.19 B). Interestingly, DOT cells killed DOT-pre-treated
AML cells as efficiently as non-treated controls (Figure 4.19 C). To track the AML clonal dynamics upon
therapeutic (DOT cells or chemotherapy) pressure, we tagged single AML cells with cellular barcodes.
Whereas chemotherapy selectively targeted approximately half of all barcoded AML single-cell lineages,
DOT cells mostly preserved the clonal architecture of the AML population (Figure 4.19 D-E).
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Figure 4.19 DOT cells efficiently (re-)target chemotherapy-resistant AML Comparison of the in vitro anti-AML activity of DOT cells
and standard chemotherapy. (A) DOT cells and standard AML chemotherapy (Doxorubicin plus Cytarabine) treatments were tested
against chemotherapy-naive (wild type, wt) or chemo-relapsed (CR, re-grown after >99% HEL cell elimination) AML cells. Shown are
the percentages of Annexin V* HEL cells after 3 hours of treatment. (B) Number of AML HEL cells before and after 72 hours of
treatment with DOT cells (at 5:1 E:T ratio). Surviving cells (<1%) were re-sorted and allowed to re-grow, thus generating the DOT-
treated (DT) samples of (C-E). (C) DOT cells were co-incubated for 3 hours with non-treated (NT) or previously DOT-treated (DT) AML
HEL cells at 5:1 or 10:1 (E:T) ratios. Shown are the percentages of Annexin V* HEL cells. (D) Number of barcoded AML single-cell
lineages in non-treated (NT), chemotherapy-treated (CT) or DOT-treated (DT) AML HEL cells. (E) Pearson correlation for distribution
of barcoded AML single-cell lineages between different treatments. Indicated are mean SEM; *, p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001.
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4.2.4 Conclusions

Recent reports on the analysis of y& TCR repertoires described the clonal expansion and focusing of the
adult peripheral blood V81* T cell repertoire'?*, likely driven by common pathogens such as CMV?2123 or
Mycobacterium tuberculosis'®. Therefore, we wondered what the impact of the DOT cell
expansion/differentiation process on the TCR repertoire was, in order to first assess if the protocol was
selective for specific clonotypes or if it was solely expanding the pool of circulating PB V61* T cells and thus
maintaining the global clonotype architecture. We stated that after performing NGS of the CDR3 regions in
TRGV and TRDV genes (before and after the 3-week cultures) our starting hypotheses were not confirmed.
Indeed, we observed a dramatic increase in the repertoire diversity with loss of the oligoclonality typical of
the PB V61 repertoires, as highlighted as well by the contribution of the top 20 most frequent clones to the
repertoire distribution (Figures 4.4 and 4.5) and by the increase in the intrasample diversity upon DOT cell
protocol (Figure 4.9). Moreover, signs of previous immunological history, evaluated by CDR3 length
distribution, were lost (Figure 4.4).

We next aimed to better understand the basis for the remarkable diversification of the DOT cell repertoire,
questioning if the cytokine combination could somehow have an impact. We found that different
stimulations, namely a combination of IL2, IL4, IL15, IFN-y, IL21 and IL1B or of aCD3 * IL2 (Figure 4.6), did
not contribute to increase the repertoire diversification. In addition, we observed that the diversification
was already established at the middle-term time point of DOT protocol (day 11). We successively
hypothesized that the protocol could have been selective for V61" subtypes. Indeed, given the previous
association of CD27 downregulation with pre-expanded/differentiated V81* T cells!**, we compared the
TCR clonality of DOT cells produced from pre-sorted CD27- versus CD27* subsets, which consistently
displayed distinct proliferation capacities under the DOT cell protocol (Figure 4.9). We found that the
generation of highly diverse DOT cells was restricted to CD27* precursors (Figure 4.10). These data suggest
that the DOT cell protocol preferentially expands naive-like CD27*V81* T cells with an extremely diverse
TCR repertoire, at the expense of pre-expanded and terminally differentiated CD27-V61* T cells, as
highlighted as well by the high abundance of CD27*V61* T cells at the end of the cultures (Figure 4.9 C).

At this stage we hypothesized that DOT cell polyclonality could associate with breadth of recognition of
AML cells. We first generated V&1'T cell clones starting from single cell seeding; indeed, this approach was
more productive (in terms of cloning efficiency and time/resource consumption) than the standard limiting
dilution approach. Strikingly, we found the vast majority of clones (from different donors) to be highly
efficient at inducing apoptosis of KG-1 cells upon short (3-hour) co-incubation in vitro (Figure 4.15). These
results showed that DOT cell products are composed of multiple clones with intrinsic capacity to target
AML cells. Moreover, TCR blockade induced only a partial and variable reduction in the killing capacity of
V61* T cell clones, from 10% to 80% decrease, with most frequently a reduction of 30%. The remaining
reactivity is likely mediated by natural cytotoxicity receptorsi#2703% ag highlighted by the B7-H6 knockout
on the AML target cells. Indeed, at this stage, we hypothesized that most of the reactivity was mediated by
natural cytotoxicity receptors, particularly NKp30. In fact, DOT cell cytotoxicity was significantly decreased
upon CRISPR/Cas9-mediated knockout (at the population level) of the best-established tumour-associated
NKp30 ligand, B7-H6, in target AML cells (Figure 4.17).

We also tested DOT cell capability of killing several AML cell lines and AML primary samples. In all cases,
DOT cells readily (within 3 hours) killed AML cells in vitro (Figure 4.12), in similar fashion to what was
reported for CAR-T cells¥317333, Critically, DOT cells did not target any normal leukocyte population (neither
myeloid nor lymphoid) from the peripheral blood of healthy volunteers (Figure 4.12 — right panel), including
CD33* and CD123* myeloid progenitor cells whose off-target depletion by the respective CAR-T cells is
known to be responsible for the unwanted myeloablation324332,

78



To assess DOT cell tumoricidal function in vivo, we established three xenograft mouse models to test DOT
cell targeting of AML primary samples and of AML cell lines, namely KG-1 and HEL. In the tested models,
DOT cell treatment markedly reduced tumour burden and increased host survival, without any noticeable
toxicity. However, the survival benefits herein obtained were smaller than the ones reported for CAR-T cells
treatment of AML xenografts®3-333, although these models were biased to AML cell lines uniformly
expressing the target antigens. Furthermore, and critically, xenografts cannot evaluate the toxicity of a
strategy predicted to induce myeloablation in patients. Overall, we believe that the combined safety and
efficacy profiles of DOT cells make them very attractive candidates for adoptive cell therapy of AML in the
near future.

Finally, considering that the major therapeutic problem in AML at the present time is chemoresistance,
which drives deadly relapses, we next asked whether DOT cells could target chemoresistant AML cells.
Surprisingly, we demonstrated that DOT cells have the superior capacity of targeting chemoresistant AML
cells, previously treated with high doses of cytarabine plus doxorubicin for 72h, which led to >99% AML cell
elimination.

In light of this and taking into account the highly polyclonal and multireactive DOT cell repertoire, we also
qguestioned the ability of DOT cells to re-target AML cells “relapsing” after a first DOT cell treatment that
also eliminated >99% tumour cells in 72h (Figure 4.19B). Interestingly, DOT cells killed DOT-pre-treated
AML cells as efficiently as non-treated controls (Figure 4.19C), suggesting that DOT cell treatment did not
select for a specific subset of DOT-resistant AML cells. To track the AML clonal dynamics upon therapeutic
(DOT cells or chemotherapy) pressure, we tagged single AML cells with cellular barcodes. Whereas
chemotherapy selectively targeted approximately half of all barcoded AML single-cell lineages, DOT cells
mostly preserved the clonal architecture of the AML population (Figure 4.19D-E).

These data collectively suggest that the breadth of AML targeting based on many cytotoxic DOT cell clones
avoids the selection of resistant lineages and allows efficient re-treatment. Given the urgency of preventing
the emergence of deadly refractory relapses, namely after standard chemotherapy, our work provides
strong pre-clinical proof-of-concept for clinical application of DOT cells in AML treatment.
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4.3 An NGS-based approach for the identification of new ligands for the V61* TCR

This chapter describes unpublished data obtained in the context of this PhD thesis.

4.3.1 Introduction

More than three decades after the discovery of y6 T cells!®, the research community is still missing a
compelling picture on their mechanisms of antigen recognition, especially since y& T cell activation is
typically independent of peptide presentation by MHC molecules. Indeed, early research on the molecular
mechanisms of y& T cell recognition in the 1990s led to the realization of its unusual independence of
peptide processing and MHC-restricted presentation, in marked contrast with af T lymphocytes!®1% QOne
of such lines of evidence came from non-peptidic prenyl pyrophosphates (a pAg) recognized by Vy9Vv62*
TCRs¥¥%192, Among these compounds, isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate are
natural intermediates of the mevalonate pathway of isoprenoid and steroid synthesis in eukaryotic cells.
Importantly, the dysregulation of the mevalonate pathway in some tumour cells allows for the
accumulation of these pAgs, thus promoting Vy9V82* TCR-mediated recognition®. Furthermore, treatment
with zoledronate or pamidronate (which are approved drugs) was shown to be very effective at inducing
the accumulation of intracellular pAgs like IPP, and thus potentiate TCR-dependent Vy9Vé2* T cell
cytotoxicity against tumour cell targets, including cancer stem cells®®,

Vy9Ve2* T cells can be specifically and potently activated by PAgs like (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate, an intermediate of the 2-C-methyl-D-erythritol 4-phosphate pathway employed by
eubacteria and apicomplexan protozoa but not by eukaryotes3>?43254255 Thjs |ikely underlies the striking
expansions of Vy9V62* T cells in individuals infected with M. tuberculosis?***® or P. falciparum®’. Besides
pAgs, several other molecules of microbial origin have been proposed as y6 T cell antigens accounting for
the specific recognition of infected cells. These candidates include the bacterial superantigens SEA (and to a
lesser extent SEE)*%; OXYS and DXS2, two mycobacterial proteins found to activate y& T cells from BCG-
infected human subjects but not from healthy donors®%% and HSV-1 glycoprotein |, specifically

recognized by a Vy1.2V88* TCR independently from antigen processing and MHC presentation?®?,

Subsequent reports demonstrated that y& T cells also recognize stress antigens of cellular origin, either in
antibody-like or antigen-presentation-like fashion. yé T cells can indeed directly recognize stress proteins
like hMSH2, a nuclear protein ectopically expressed on the cell surface of different epithelial tumour cells
and induced by EBV transformation?'%%2; and Annexin A2 whose expression was induced by CMV infection
and recognized specifically by a Vy8v83* T cell clone'®. On the other hand, y& T cells can recognize
nonpolymorphic MHC-like (class Ib) proteins presenting lipids, such as CD1 proteins, in a similar way to
other unconventional T cells like NKT or MAIT cells?%3-2%5, |n particular, a subpopulation of V61* T cells has
been clearly shown to bind CD1d loaded with the self-lipid sulfatide?®> but any concrete link to the
recognition of infected (or transformed) cells remains to be established. Of note, another CD1-like protein,
EPCR, was shown to bind directly (independently of lipid cargo) the TCR of a Vy4V&5* T cell clone (expanded

from a CMV* individual), thus allowing it to recognize endothelial cells infected with CMV%,

v6 T cells can seemingly also recognize transformed cells through proteins that are expressed at the cell

surface in a stress-induced manner. Some examples are typically endogenous proteins, such heat shock

protein 60191% or FI-ATPase!®, that can be ectopically expressed on the cell membrane upon
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transformation and recognized by Vy9Vé62* TCRs to promote tumour cell lysis. More recently, endothelial
protein C receptor (EPCR), which acts on the coagulation cascade, was shown to be exposed on the cell
surface during transformation and recognized by a V&2~ (Vy4V685) TCR. Similarly, Annexin A2, expressed
on tumour cells in response to increasing quantities of reactive oxygen species, engaged directly with a
Vy8V83 TCR¥@. The identification of these rather different ligands highlights the complexity of tumour cell
recognition via y6 TCRs (Figure 1.9).

Building on the previous chapters and the major focus of thesis on the by V61" subset of human by y6 T
cells, the aim of the study described in this chapter was to identify new tumour ligands for V61* TCRs. We
chose AML target cells to converge with our interest in providing a new V81* T-cell (DOT)-based therapeutic
option for AML treatment (see Results 4.2).
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4.3.2 Donor selection and DOT cell generation

In our attempt to discover new ligands for V&61* T cells, we started by identifying good donors for V61* T
cells according to the absolute number and relative frequencies of this cell subset among circulating CD3*
cells (Table 4.2). We processed the blood samples by density gradient centrifugation; a fraction of PBMCs
was then counted and stained. After the analysis, we initially selected HD#1, HD#2, HD#3 and HD#5 for
V61* T cell expansion using our patented DOT protocol. However, HD#5 was substituted by HD#4 at a later
time as it was not possible to obtain a reproducible DOT cell expansion from HD#5 blood sample.

Table 4.2 CD3*, V61* and V62* frequencies and counts.

Donor  CD3* V61* subset V62* subset Counts vé1*
Freq in CD3 Freq in CD3 (*10%) (*10%)
#1 66.3 0.43 3.74 100 0.43
#2 57.6 3.36 1.61 34.44 0.664692
#3 64.8 0.83 4.51 34.32 0.185328
#4 57.5 0.55 3.12 23.8 0.07616
#5 57.4 1.42 2.04 18.2 0.14924
#6 68.8 0.65 1.43 19.4 0.0873
#7 62.3 0.44 14.3 13.1 0.03537
#8 56.3 0.2 291 24.2 0.02662
#9 70.6 0.2 1.05 27.3 0.03822

We next cultured af depleted cell for 21 days as previously described (Materials and methods 3.3),
collecting an aliquot of cell suspension at day 11, day 16 and day 21, in order to evaluate cell expansion
(Figure 4.20) and to perform phenotypic analysis of the cultures over time (Figure 4.21). Total cells in
culture increased from a starting value approximately included between 10-30*10° cells to a final cell
number of 150-200*10°, with the exception of HD#1 that showed the highest number of cells at day 21
(Figure 4.21, left). More in details, among these growing cell populations, V&1* cells were increasing in
number, as highlighted by their fold increase (V81* cells count at given time point/ V81* cell counts at day
0; Figure 4.20, right). The phenotypic analysis of cultured cells over time revealed that 90-95% of the cells in
culture after 11 days was constituted by CD3* cells (Figure 4.21A). Of these, approximately 70% to 98%
(accordingly to the donor) were y&* T cells (Figure 4.21B) composed by 65% to 75% of V61* cells (Figure
4.21C). Of note, at the end of expansion, DOT cells were highly positive for NKG2D, had a low to mild
expression of NKp30 and very low or absent NKp44 expression (Figure 4.21D).
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Figure 4.20 DOT cell expansions and V61* cell fold increase. a8 depleted cells were cultured for 21 days, collecting an aliquot of cell
suspension at day 11, day 16 and day 21. Total cell counts are displayed on the left and V61* fold increase on the right (V51* cells
count at given time point/ V61* cell counts at day 0)
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Figure 4.21 Phenotypic analyses of DOT cell cultures over time. (A) 90-95% of cells in culture after 11 days was constituted by CD3*
cells. Of these, approximately 70% to 98% were yé* T cells (B), composed by 65% to 75% of V61* cells (C). (D) Of note, at the end of
expansion, DOT cells were highly positive for NKG2D, had a low to mild expression of NKp30 and very low or absent NKp44
expression.

At the end of expansion, DOT cells from multiple donors (HD#1-4) were tested against various AML cell
lines (Table 3.3) to evaluate DOT tumour cell killing capacity. We co-incubated DOT cells at 10:1 (E:T) ratio
for three hours with several target cell lines and we next measured the percentage of Annexin V* target
cells after co-incubation (Figure 4.22).
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Figure 4.22 DOT cells target multiple AML cell types. In vitro killing assays with DOT cells produced from 4 healthy donors, co-
incubated for 3 hours at 10:1 (E:T) ratio with the indicated AML cell lines in the presence of Ig control or anti-V51 (TCS-1) antibody.
Experiments were performed with technical triplicates



4.3.3 TCR repertoire analyses of ex vivo PB and DOT samples

After generating DOT cells from donors #1-4, we analysed DOT cell TCR repertoires and compared the
results with the respective repertoires at the beginning of the expansion (ex vivo). DOT cell polyclonality
and the relative contribution of the top 20 expanded clones to the overall V61* TCR repertoire were
described in Figure 4.4 and Figure 4.5 respectively. Additionally, DOT cell diversification was demonstrated
also by the increased DOT cell intrasample variety in both y and 6 chains assessed in terms of Shannon-
Weaver diversity index (Table 4.3).

Table 4.3 PB and DOT Shannon-Weaver diversity index. The index, indicator for intrasample diversity, was at least doubled in DOT
samples compared to the respective ex vivo PB samples. Additionally, 6 chains showed a higher intrasample variability than y
chains.

sgzll'::;;vx‘%a;’:r Peripheral blood DOT
HD#1 3.018141 6.961294
Gamma HD#2 3.84359 7.207013
chain HD#3 2.86877 7.487087
HD#4 4.480681 8.286124
HD#1 3.890377 8.491646
Delta HD#2 3.724056 7.526714
chain HD#3 3.207685 7.66618
HD#4 6.381638 8.776023

We next analysed DOT TRG repertoires focusing on their clonotype composition; the number of detectable
v chain clonotypes in DOT samples (represented by coloured histogram bars) drastically increased when
compared to the clonotype counts before expansion — grey bars (Figure 4.23), going from as few as some
tens to several hundred in the case of HD#3 and HD#4.
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Figure 4.23 Clonotype count analyses. Detectable y chain clonotypes in DOT samples are represented with coloured histogram bars.
Clonotype counts of the ex vivo samples from all donors are showed in grey.

85



We next asked if the experimental procedure was somehow favouring the selection of specific clonotypes
from the PB samples. We chose the clonotypes that were shared among DOT and PB samples of the same
donor (Table 4.4) and measured their fold increase. This was estimated correlating the ratio of a clonotype
relative abundance in the DOT repertoire over its abundance in the ex vivo repertoire sample with its
ranking (by frequency) in DOT (Figure 4.24A and C) or PB repertoire samples (Figure 4.24B and D). We failed
to reveal any trend between the relative increase of each shared clonotype with the initial (PB) or final
(DOT) frequencies in the repertoire. Additionally, since the ID rank is a measure of clonotype abundance,
we correlated the ID rank of a clonotype in the PB with the respective ID after expansion, observing that
this measurement in the PB sample was not predictive of high clonotype frequency in the DOT-cell
repertoire (Figure 4.25A-D).

Table 4.4 Clonotypes shared in the donor repertoires before (PB) and after (DOT) expansion

Gamma PB DOT Common Delta PB DOT Common

HD#1 ‘ 488 2706 ‘ 57 HD#1 ‘ 775 7376 ‘ 11

HD#2 ‘ 561 1734 ‘ 63 HD#2 ‘ 602 4791 ‘ 20

HD#3 ‘ 29 3844 ‘ 4 HD#3 ‘ 50 4591 ‘ 0

HD#4 ‘ 222 6868 ‘ 28 HD#4 ‘ 807 9592 ‘ 7
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Figure 4.24 Correlation of clonotype frequencies before (PB) and after (DOT) cell expansion. The graphs show the correlation
between the ratio of a clonotype relative abundance in the DOT-cell repertoire over its abundance in the ex vivo repertoire sample
with its ranking (by frequency) in DOT (A and C) or PB repertoire samples (B and D). No trend for the relative increase of each shared
clonotype with the initial (PB) or final (DOT) frequencies in the repertoire emerged.
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Figure 4.25 ID rank correlation before and after DOT-cell expansion. Correlation of the ID rank of a clonotype in the PB with the
respective ID after DOT-cell expansion.

4.3.4 Generation and characterization of V61* T-cell clones

To isolate single TCRs and proceed with ligand identification, we generated clones of V61* T cells, using an
adapted DOT cell protocol that included the addition of feeder cells to support the expansion (Methods
3.3.2). To obtain V81* T cell clones, we tested two different approaches: a limiting dilution method, that
resulted in a dilution of approximately 1:1.22 to 2.44 to generate a V61* T cell clone; and single cell seeding
approach. For this second method, CD3* TCRV61* TCRV62™ single cells were FACS-sorted into 96
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wells/plates; and cultured for 21 days using the DOT cell protocol in the presence of (weekly-renewed) 10*
irradiated autologous PBMCs (feeders). The efficiency of cloning was between 21% and 28% (Figure 4.26A),
with average doubling times of 1.43, 1.62, 1.79 and 1.52 (Figure 4.26B). Absolute DOT cell numbers in
established clones (represented by individual dots) were also estimated (Figure 4.26C and Table 6.4).
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Figure 4.26 V61* T cells clone generation. (A) Cloning efficiency, (B) average doubling time and (C) absolute DOT cell numbers in
established clones (represented by individual dots).

We next checked for CD3* and V61* percentages in each clone to avoid any possible contamination from
other cell sources (i.e. FACS impurity or feeder layer), alongside with Vy9 (Table 4.5), NKp30 and NKp44
expression (Figure 4.27). We also tested clone cytotoxicity against the AML KG-1 cell line and evaluated the
potential dependence on a TCR-mediated mechanism by blocking the TCR& chain with the TCS-1
monoclonal antibody (clone TCS-1); cells were co-incubated for three hours at 5:1 (E:T) ratio and then
analysed by Annexin V staining (percentage of positive events among pre-labelled KG-1 cells) in the
presence of IgG control or a-V&1* antibodies. We extracted RNA from the clones and sent cDNA samples
for Sanger sequencing to our collaborators in David Vermijlen’s laboratory (Brussels, Belgium). Table 6.4
summarises information about counts, amount of RNA and relative amount of RNA/cell, Vy9 expression,
killing of the target cell line (percentage of Annexin V* KG-1 cells after co-incubation) and decrease in killing
after V61 blockade.
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Figure 4.27 NKp30 and NKp44 MFI in the generated clones Each dot represents an individual clone (HD #1-4, healthy donors 1 to 4)
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Table 4.5 Summary of clone analysis. Counts, amount of RNA and relative amount of RNA/cell, Vy9 expression, killing of the target
cell line (percentage of Annexin V* KG-1 cells after co-incubation) and decrease in killing after V61 blockade of each clone.

HD#1 Counts (*106) Rna (ng) ug/cell number vy9 Killing (%) Killing reduction (%)
3 1.083 730.8 0.674792244 na 73.5 17.42
4 0.291 219.8 0.75532646 na 60.3 5.47
5 0.558 436.8 0.782795699 na 56.6 19.53
6 0.711 357 0.502109705 na 53.8 64.68
11 0.81 1100.4 1.358518519 na 75.5 3.38
12 1.179 693 0.58778626 na 40.85 67.04
13 0.987 11494 1.164539007 na 76.55 15.15
17 0.111 72.8 0.655855856 na 61.3 57.26
18 0.801 753.2 0.940324594 na 49.9 34.47
26 0.381 316.4 0.830446194 na 52.9 19.09
28 0.279 135.8 0.486738351 na 71.1 12.24
29 0.144 198.8 1.380555556 na 65 38.15
30 0.18 135.8 0.754444444 na 46.85 16.18
31 0.132 56 0.424242424 na 69.95 15.08
34 0.183 172.2 0.940983607 na 74.15 6.54
35 0.174 86.8 0.498850575 na 19.1 24.61
36 0.204 105 0.514705882 na 48.5 35.46
37 0.618 516.6 0.83592233 na 54.1 46.39
39 0.147 82.6 0.561904762 na 45.15 28.02
42 0.192 141.4 0.736458333 na 50 14.9
48 0.453 326.2 0.7200883 na 57.45 -11.75
49 0.246 116.2 0.472357724 na 78.9 20.41
63 0.162 142.8 0.881481481 na 60.5 39.01
HD#2 | Counts (*10/6) RNA (ng) ug/cell number w9 Killing (%) Killing reduction (%)
11 0.11760929 na na * 46.30 36.18
14 0.139321045 na na v 21.40 24.18
17 0.220650579 270 1.22 - 82.90 0.66
18 0.35708714 na na * 24.90 -104.02
20 0.110717391 na na * 21.50 -129.53
31 0.18295283 256 1.40 - 84.05 2.44
32 0.190964115 89.8 0.47 * 44.80 -101.23
37 0.09358933 174.4 1.86 - 83.85 11.39
48 0.08861165 53.6 0.60 - 86.55 -1.62
49 0.106937975 142.4 1.33 - 79.85 8.89
53 0.104817647 na na + 21.45 -24.94
62 0.117906826 na na * 75.90 -13.57
64 0.142833333 na na + 21.70 -61.98
74 0.10369479 na na * 23.30 -46.57
81 0.080387511 na na - 70.00 5.64
91 0.395836283 334 0.84 - 81.85 -0.37
100 0.131037998 na na + 23.40 4.70
102 0.092798507 na na - 87.10 -3.73
105 0.108090206 na na + 17.95 -25.07
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116 0.340205036 498 1.46 = 83.05 0.06

HD#3 | Counts (¥10°6) RNA (ng) ug/cell number w9 Killing (%) Killing reduction (%)
10 0.311142633 57.2 0.18 * 34.50 13.33
17 0.536067 276 0.51 - 20.10 38.31
40 0.178407379 na na - 21.15 27.19
68 0.348763002 69.6 0.20 = 27.60 11.23
74 0.17063633 na na * 29.75 31.94
76 0.260866202 256 0.98 * 49.65 -6.85

HD#4 | Counts (*¥10°6) RNA (ng) ug/cell number w9 Killing (%) Killing reduction (%)
1 0.300586207 na na * 10.85 1.34
2 0.354 na na + 7.62 10.64
10 0.112694361 na na - 59.40 25.67
15 0.073943609 na na - 23.60 52.97
17 0.123 na na * 9.06 21.70
45 0.242 na na - 8.71 31.11
51 0.423 na na * 7.39 17.20
52 0.621554054 220.4 0.35 - 28.80 24.83
53 0.185626697 na na - 66.30 15.01
56 0.072 na na - 28.65 20.07
57 0.304 na na - 6.90 2.32
58 0.074427589 na na - 52.00 43.46
59 0.167 na na * 7.29 33.36
60 0.18856383 na na * 20.20 74.88
61 0.316957286 108.8 0.34 * 87.95 8.70
65 0.092357719 na na - 27.80 35.79
69 0.124 na na - 21.95 54.40
72 0.139 na na - 14.80 29.02
79 0.115 na na - 14.55 35.50
84 0.077 na na - 18.20 18.68
85 0.073933898 na na - 30.45 54.68
88 0.162845708 na na * 19.50 -140.00
92 0.349 231.2 0.66 - 52.80 11.08
99 0.1 na na - 8.77 16.83
100 0.094 na na - 64.35 3.03
102 0.121 na na + 7.27 23.33
103 0.199650754 na na + 46.80 -65.60
105 0.074396907 na na - 26.60 61.67
107 0.069642466 na na - 23.65 32.56
113 0.157 na na + 6.47 4.95
114 0.072 na na + 12.20 34.43
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We further investigated if V61* clone growth ability (Figure 4.28A), NKp30 or NKp44 expression correlated
with clone ability to kill the KG-1 cell line in the absence (left) or in the presence (middle) of the a-V&61* TCS-
1 antibody (Figure 4.28B-C). In the panels on the right, clone counts (A) or NKp30/NKp44 MFI data (B-C) are
plotted with the percentage of killing decrease. None of the analysed parameters correlated with the
induction of apoptosis in KG-1 AML cells.

A

Absolute numbers Absolute numbers Absolute numbers
1.5x108 1.5x10% 1.5x108
3 Ix1ee oe 3 1x1os e 3 1x10%
© . o I’ o
@ L] . @ . . @
3 N & . g
© g 6 ‘ - ] 6 . . = ]
2 0.5x10 5 g 0.5x10 g 0.5x10°
o
5 . 5 e 5
5] o s o .'r ©
G S (T . oV, *
0+ T T T T \ 0+ T r T T ] 0+ ]
0 20 40 60 80 100 0 20 40 60 80 100 -50 100
Killing without blocking Killing after blocking
R2= 0.0481 R2= 0.0143 R2= 0.0034
B Nkp30 Nkp30
3500 3500 3500
. o - &
3000 3000- 3000
L .
3 . .
_ . * a _ . s e _
W w w
s B0, e oty = B0 e . % oo = B0
-t IR LS e
. 8 . L 9
2000 [ 0y e 2000 se S 2000
e, ¢ o"‘fo-.‘
1500 T T T T T 1 1500 T T T T 1 1500- T 1
0 20 40 60 80 100 0 20 40 60 80 100 -50 100
Killing without blocking Killing after blocking
R2= 0.0427 R2=0.0148 R2=0.0134
C Nkp44 Nkp44
2000 2000 2000
. .
. -
_ 1500 4 gt _ 1500 . ‘. _ 1500
™ ™ ™
H ¢ ¢ ?E! H L va H
1000 1000 1000
500 500 500
0 T T T T T 1 o T T T T T 1 0 T 1
0 20 40 60 80 100 0 20 40 60 80 100 50 100
Killing without blocking Killing after blocking % Killing decrease
R2= 0.0006 R?=0.0013 R2= 8.337e-007

Figure 4.28 Clone counts and NKR expression correlation with killing capacity. Correlation of (A) V61* clone growth ability,(B) NKp30
or (C)Kp30 expression with clone ability to induce apoptosis in the KG-1 cell line in the absence (left) or in the presence (middle) of
the a-V61* TCS-1 antibody. In the panels on the right, clone counts (A) or NKR expression data (B-C) are correlated with the
percentage of killing decrease.

4.3.5 Analysis of clones: TCR sequences and selection for subsequent studies

We assigned each clone an identifier (ID) composed by a first digit, representative for the donor of origin,
followed by a two- or three-digit number.

After the phenotypic and functional characterization, we analysed the clones by Sanger sequencing
focusing on the CDR3 region of both y and 6 chains. Once retrieved the results, we looked for sequence
counts and frequency in the samples before (ex vivo) and after (DOT) expansion within the donor from
which they have been isolated and, additionally, from the other donors. Table 4.6 and Table 4.7 contain the
nucleotide and aminoacidic junctional region sequences, y and & chains absolute counts and relative
frequency, respectively. Several clone-derived y chains were shared among different donors either as
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nucleotide clonotype, meaning bearing the same nucleotide sequence, or at the aminoacidic level.
Additionally, Table 4.8 includes the available information about aminoacidic clonotypes (same aminoacidic
but different nucleotide sequences) of the clones described in Table 4.6. Finally, we aligned the junctional
regions of y chains to genomes of reference available on IMGT to retrieve information about y chain usage
(Table 4.9).

Combining the sequencing information with the data from the HTS analyses of ex vivo and DOT samples, we
selected eight clones in order to proceed with the molecular cloning of their TCR into the JRT3.3 cell line
used as reporter. We selected clones 1.06, 1.11, 1.36, 1.37, 2.11, 2.18, 3.17 and 3.74 accordingly to their
dependence on a TCR-mediated mechanism to induce apoptosis in the target KG-1 cell line, to the presence
of their y and & chains in the ex vivo and DOT repertoires of the donor of origin and to their presence in
other donor samples (Table 4.10). Additionally, clone 3.74 y chain is an aminoacidic clonotype of clones
1.06 and 1.36.

In more detail, the y chain derived from clone 1.11 and 1.37 accounted for 35.08% of HD#1 ex vivo
repertoire. Although these two clones bore the same y chain clonotype, they expressed two different 6
chains: contrarily to 1.11 6 chain that was not detected in either PB or DOT repertoires, 1.37 & chain
accounted for 11.85% of HD#1 TRD repertoire and was found in the DOT repertoire of the same donor.
Moreover, blocking 1.37 & chain with an a-Vé1 antibody (TCS1) reduced the clone ability of inducing
apoptosis in the KG-1 target cells of 46.39% (Table 6.4), but had almost no effect on clone 1.11 (3.38%
reduction). Clone 2.11 y chain was present in low frequency in the ex vivo repertoire of the same donor and
in the DOT repertoire of HD#1 (0.28% and 0.047% respectively). Clone 3.74 y chain was highly conserved
among ex vivo and DOT repertoires of all donors with the exception of DOT sample generated from HD#3. y
chains derived from clones 1.06 and 1.36 were shared among DOT repertoires of HD#2-4. Clone 3.17 y
chain was found as aminoacidic clonotype in the ex vivo repertoire of HD#1 and was detected in all the DOT
repertoires. Finally, the 6 chain derived from clone 2.18 constituted the 37.84% of HD#2 ex vivo repertoire,
4.16% of HD#2 DOT repertoire and was found in HD#1 DOT repertoire (0.014%).
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Table 4.6 Analysis of clone-derived TCRy chains. The table displays the CDR3 regions at nucleotide and aminoacidic level, chain

; kkK aa

Its,

no sequencing resu

* ¥ —

in;

only one sequenced cha

absolute counts and relative frequency among all donors (*

clonotype)

Clone ID nt junction sequence aa junction sequence n_c=c~.<vm counts n_o.:os.:um % n_.o=o~<nm Shared in PB n_c_._cw<um % clonotype Clonotype counts in n_o_._o.n<_um % n._c=o~<um Shared in DOT n_osc.~<nm % clonotype
in PB fraction in PB in PB samples fraction DOT fraction in DOT samples fraction
1.03 tgtgccacctggttcaagaaactyttt CATWFKKLF
1.04 tgtgccacctgggacgggaccaaagtggtcttt CATWDGTKVVF
1.05 tgtgccacctgggacgggecceegaattat tettt CATWDGPPNYYKKLF HD#2*** 2,04E-04 2,04E-02
HD#2 9,04E-05 9,04E-03
HD#2*** 9,04E-05 9,04E-03
HD#3*** 4,24E-04 4,24E-02
HD#3 3,39E-04 3,39E-02
HD#3*** 7,07E-05 7,07E-03
HD#4*** 2,79E-04 2,79E-02
HD#4 1,92E-04 1,92E-02
HD#4*** 8,71E-05 8,71E-03
HD#4*** 5,22E-05 5,22E-03
HD#4*** 5,22E-05 5,22E-03
1.06 t ggtat tettt CALWEVRYYKKLF HD#3*** 2,58E-05 2,58E-03 HD#2*** 4,97E-04  0,049745619
HD#2*** 9,04E-05  0,009044658
HD#3*** 5,37E-04  0,053735311
HD#3*** 1,70E-04  0,016969046
HD#3 5,66E-05  0,005656349
HD#3*** 5,66E-05  0,005656349
HD#4*** 9,40E-04  0,094030786
HD#4*** 7,14E-04  0,071393745
HD#4 2,09E-04  0,02089573
HD#4*** 1,92E-04  0,019154419
HD#4*** 6,97E-05  0,006965243
111 tgtgecttgtgggaggttaccaggaaactcttt CALWEVTRKLF 17532 0,350822428 35,08224277 HD#2 2,71E-04 2,71E-02
112 tgtgccacctgggacaggecggagaataagaaactcttt CATWDRPENKKLF
1.13 tgtgect ggtat tcttt CALWEVRYYKKLF refer to clone 1.06 refer to clone 1.06
1.17*
1.18*
1.26 tgtgccacctgggatgeacaattttattataagaaactcttt CATWDAQFYYKKLF
1.28%*
1.29*%
1.30 tgtgccacctgggacgacagttattataagaaactcttt CATWDDSYYKKLF HD#3*** 8,48E-05 8,48E-03
131 tgtgccacctgggacaggectgggtttgagaaactcttt CATWDRPGFEKLF
134  [tgtgccacctgggacgggecd tcttt CATWDGPYKKLF 14 2,80E-04 2,80E-02 HD#2***  0,00110797 0,11079706
HD#2 2,26E-04  0,022611645
HD#3 3,96E-04  0,03959444
HD#3*** 3,11E-04  0,031109917
HD#3*** 1,27E-04  0,012726784
HD#3*** 1,13E-04  0,011312697
HD#3*** 5,66E-05  0,005656349
HD#3*** 5,66E-05  0,005656349
HD#4*** 6,79E-04  0,067911123
HD#4 4,01E-04  0,04005015
HD#4*** 2,26E-04  0,022637041
HD#4*** 1,92E-04  0,019154419
HD#4*** 1,22E-04  0,012189176
HD#4*** 8,71E-05  0,008706554
1.35 tcttt CATWDGNYKKLF HD#2*** 0,00115319 0,115319389
HD#2 2,04E-04  0,02035048
HD#3*** 1,56E-04  0,015554958
HD#3*** 1,27E-04  0,012726784
HD#3*** 1,27E-04  0,012726784
HD#3*** 1,13E-04  0,011312697
HD#4*** 5,05E-04  0,050498015
HD#4*** 1,04E-04  0,010447865
HD#4*** 1,04E-04  0,010447865
HD#4*** 1,74E-05  0,001741311
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. . . . Cl counts Shared in PB Clonotype Clonotype countsin  Clonotype Shared in DOT Clonotype
Clone ID nt junction sequence aa N . % clonotype
PB [ fraction DOT fraction | fraction
1.36 tgtgccttgtgggaggtgcggtattataagaaactcttt CALWEVRYYKKLF refer to clone 1.06 refer to clone 1.06
137  [tgtgecttgtgggaggttaccaggaaactcttt CALWEVTRKLF referto clone 1.11 referto clone 1.11
139 |tgtgccacctgggcc tcttt CATWAGNKKLF
1.42*
1.48 tgtgccacctgggacaggeegeggtattataagaaactcttt CATWDRPRYYKKLF HD#2*** 4,75E-04 4,75E-02
HD#2*** 2,26E-04 2,26E-02
HD#2*** 1,586-04  1,58E-02
HD#2*** 6,78E-05 6,78E-03
HD#3*** 1,27E-04 1,27E-02
HD#3*** 8,48E-05 8,48E-03
HD#4*** 1,04E-04 1,04E-02
HD#4 6,97E-05 6,97E-03
HD#4*** 5,22E-05 5,22E-03
HD#4*** 3,48E-05 3,48E-03
1.49 tgtgcc aggccgeggtattataagaaactcttt CATWDRPRYYKKLF refer to clone 1.48 refer to clone 1.48
1.63 tgtgccttgtgggaggaggggtataagaaactcttt CALWEEGYKKLF
211 tgtgccacc attcgaattattataagaaactcttt |CATWDRRRHSNYYKKLF 131 HD#1 4,70E-04 4,70E-02
2.14%*
217 tgtgccacgtgggacgggcttttgaaggtattt CATWDGLLKVF
218 tgtgccacctggattaccgggegtagtagtgattggatcaagacgttt CATWITGRSSDWIKTF 11003 HD#1 0,04486519 4,486518744
HD#3 7,07E-05  0,007070436
2.20%*
231 tgtgccacctggattaccgggegtagtagtgattggatcaagacgttt CATWITGRSSDWIKTF refer to clone 2.18 refer to clone 2.18
2.32%*
2.37 tgtgccacctggg tcgaattattataagaaactcttt [CATWDRRRHSNYYKKLF refer to clone 2.11 refer to clone 2.11
2.48 tgtgccacctgggacaggec tettt CATWDRPEKLF 118 HD#1*** 6,40E-04 7 1,58E-04 HD#1 7,60E-04 7,60E-02
HD#1*** 3,80E-04 3,80E-02
HD#1*** 1,27E-04 1,27E-02
HD#3*** 5,94E-04 5,94E-02
HD#4*** 1,22E-04 1,22E-02
HD#4*** 1,22E-04 1,22E-02
2.49 tgtgccacgtgggacgggcttttgaaggtattt CATWDGLLKVF
2.53*
2.62%*
2.64**
2.74%*
2.81 tgtgccacctgggataggaggaggeattcgaattattataagaaactettt |CATWDRRRHSNYYKKLF refer to clone 2.11 refer to clone 2.11
291 tgtgccacctggattaccgggegtagtagtgattggatcaagacgttt CATWITGRSSDWIKTF refer to clone 2.18 refer to clone 2.18
2.100**
2.102 [tgtgccacctggattaccgggegtagtagtgattggatcaagacgttt CATWITGRSSDWIKTF refer to clone 2.18 refer to clone 2.18
2.105**

2.116*
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Clone ID nt junction sequence aa junction sequence Cl counts Cl % cl Shared in PB Clonotype % clonotype Clonotype counts in Clonotype % clonotype | Shared in DOT Clonotype % clonotype
inPB fraction in PB in PB | fraction DOT fraction in DOT [ fraction
3.10 tgtgecttgt tgactagtgagaaactcttt CALWEVRGLTSEKLF
3.17 tgtgccacctgggataggegttatt tettt CATWDRRYYKKLF HD#1*** 5,00E-04 5,00E-02 8 1,13€-04 1,13€-02 HD#1*** 7,78E-04 7,78E-02
HD#1*** 6,33E-04 6,33E-02
HD#1 2,17E-04 2,17€-02
HD#2*** 3,39E-04 3,39E-02
HD#2*** 2,26E-04 2,26E-02
HD#2 1,58E-04 1,58E-02
HD#2*** 6,78E-05 6,78E-03
HD#4*** 4,18E-04 4,18E-02
HD#4*** 2,44E-04 2,44E-02
HD#4 1,57E-04 1,57€-02
HD#4*** 1,39E-04 1,39E-02
HD#4*** 1,04E-04 1,04€E-02
HD#4*** 8,71E-05 8,71E-03
HD#4*** 5,22E-05 5,22E-03
3.40 tgtgccaccty ctaaatataagaaactcttt CATWDGPKYKKLF HD#1*** 5,43E-04 5,43E-02
HD#1*** 2,17E-04 2,17€-02
HD#2*** 1,13e-04 1,13€-02
HD#2*** 6,78E-05 6,78E-03
3.68 tgtgccacctgggacttgtataagaaactcttt CATWDLYKKLF HD#1*** 2,00E-04 2,00E-02 HD#2*** 2,71E-04 2,71E-02
HD#4*** 1,74E-04 1,74E-02
HD#4*** 5,22E-05 5,22E-03
3.74 tgtgecttgt gatatt: tettt CALWEVRYYKKLF HD#1*** 6,20E-04 6,20E-02 HD#1*** 0,00117543 0,117542813
HD#1 1,81E-04  0,01808351
HD#1*** 7,23E-05  0,007233404
HD#1*** 7,23E-05  0,007233404
HD#2*** 4,97E-04  0,049745619
HD#2 9,04E-05  0,009044658
HD#4*** 9,40E-04  0,094030786
HD#4 7,14E-04  0,071393745
HD#4*** 2,09E-04  0,02089573
HD#4*** 1,92E-04  0,019154419
HD#4*** 6,97E-05  0,006965243
3.76 tgtgccttgtgggggatgctggteggtgggaaactcttt CALWGVLVGGKLF
4.01 tgtgccttgt tattataagaaactcttt CALWEVNYYKKLF HD#3 2,58E-05 2,58E-03 73 0,001271157  0,127115693 HD#1 9,40E-04 9,40E-02
HD#1*** 4,70E-04 4,70E-02
HD#2 6,56E-04 6,56E-02
HD#2*** 1,81E-04 1,81E-02
HD#3 4,10E-04 4,10E-02
4.02%*
4.10 tgtgccacctgggtaaccecgaattattataagaaactcttt CATWVTPNYYKKLF
4.15 tgtgccacct, gaggtatt; cttt CATWDRPRYYKKLF HD#1*** 2,35E-04 2,35E-02
HD#1*** 9,04E-05 9,04€-03
HD#2 4,75E-04 4,75E-02
HD#2*** 2,26E-04 2,26E-02
HD#2*** 1,58E-04 1,58E-02
HD#2*** 6,78E-05 6,78E-03
HD#3 1,27e-04 1,27€-02
HD#3*** 8,48E-05 8,48E-03
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N . . . Cl ype counts Cl yp! | yp! Shared in PB Clonotype Clonotype counts in Clonotype % clonotype | Shared in DOT Clonotype
Clone ID nt junction sequence aa junction sequence N L N N % clonotype N R N % clonotype
in PB fraction in PB inPB fraction DOT fraction in DOT samples fraction
4.17%*
4.45%*
4.51*%*
4.52*
4.53*
4.56*
4.57**
4.59*% tgtgccacctgggacaaaacggggtataagaaactcttt CATWDKTGYKKLF
4.58 tgtgccacctgggatggatatagtagtgattggatcaagacgttt CATWDGYSSDWIKTF HD#2*** 6,43E-05 6,43E-03 HD#1*** 6,87E-04 6,87E-02
HD#1*** 5,61E-04  5,61E-02
HD#1*** 5,06E-04 5,06E-02
HD#2*** 2,26E-04 2,26E-02
HD#2*** 1,58E-04 1,58E-02
HD#3*** 2,83E-04 2,83E-02
HD#3*** 2,55E-04 2,55E-02
HD#3*** 1,84E-04 1,84E-02
4.60 tgtgccacctgggataagaattwttataagaaactcttt CATWDKNXYKKLF
4.61 tgtgect! cctattataagaaactcttt CALWEPYYKKLF HD#1*** 0,00126585 0,126584568
HD#1*** 1,09E-04 1,09E-02
HD#2 2,26E-05 2,26E-03
HD#3 9,90E-05 9,90E-03
HD#3*** 8,48E-05 8,48E-03
HD#3*** 2,83E-05 2,83E-03
4.65* tgtgecttgt; cctgttgggc caaggtattt CALWEALLGKKIKVF
4.69 tgtgccacctgggatttt tettt CATWDFYKKLF HD#1 8,00E-05 8,00E-03 7 1,22E-04 1,22E-02 HD#2 2,04E-04 2,04E-02
HD#3*** 2,69E-04 2,69E-02
4.72 tgtgecttgtgggagecctattataagaaactcttt CALWEPYYKKLF
4.79* tgtgccacctgggataggaagegcecattattataagaaactcttt CATWDRKRHYYKKLF
4.84%*
4.85%*
4.88 tgtgecttgtgggaggtgeggctcccttattataagaaactcttt CALWEVRLPYYKKLF
4.92%
4.9 tgtgccacctgggacaggettctagggtattataagaaactcttt CATWDRLLGYYKKLF
4.100 |tgtgccacctgggacgggcctatttataagaaactcttt CATWDGPIYKKLF HD#1*** 3,44E-04 3,44E-02
4.102*
4103 tgtgecttgtggecatggaattattataagaaactcttt CALWPWNYYKKLF
4105 tgtgccacctgggatgggec t CATWDGPGGKLF HD#1*** 4,60E-04 4,60E-02
4.107*
4.113%*
4.114  |tgtgccacctgggtttattataagaaactcttt CATWVYYKKLF HD#1 2,80E-04 2,80E-02 21 3,66E-04 3,66E-02 HD#2 7,91E-04 7,91E-02
HD#2*** 4,52E-05 4,52E-03
HD#3 3,39E-04 3,39E-02
HD#3*** 1,70E-04 1,70E-02
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Table 4.7 Analysis of clone-derived TCRS chains. The table displays the CDR3 regions at nucleotide and aminoacidic level, chain

absolute counts and relative frequency among all donors (*

clonotype).

; kkK aa

Its,

no sequencing resu

* ¥ —

in;

only one sequenced cha

o i Clonotype Clonotype % clonotype | SharedinPB  Clonotype Clonotype countsin ~ Clonotype % clonotype | Shared in DOT Clonotype
Clone D ntjunction sequence 2ajunction sequence countsinPB fraction in PB inPB samples fraction % clonatype DoT fraction in DOT samples fraction " C1OnOYPe
103 CALGEYTSHGLPTAGGHNARSTDKLIF
104 CALGELPPLGRYTDKLIF
1.05 tgtgctct (CALGELALSSPLGPYTDKLIF
1.06 CALGGPSYDRYWGIPDKLIF
111 CALGESLRDTFYTDKLIF
112 tt CALGELLIHSHEDRLTAQLFF
113 CALGAILGGGVGESRFTDKLIF
117* CALGELAPKVSTGGYGLTDKLIF
1.18% CALGELIPSGIRPDKLIF
126 [tgtgctct tt CALGEQTTGGYVVTDKLIF
1.28%*
129 tt CALGERSSLVLVGDTRPRDGGDSTDKLIF
130 tgtgctct (CALGDLHLGDKNTDKLIF
131 CALGEEGPFLOAGGITDKLIF
134 CALGEPEGTKYPTFPTVELIF
135 tgtgctct tt [CALGDPFPGTGGYMPTITDKLIF
136 CALGEKKRTGGLLIF
137 CALGDIPRRSLRIGGGNLYTDKLIF 10290 0,118541559  11,85415587 10 1,75E-04 1,75€-02
139 tgtgctct CALGERLGDTRTDKLIF
142* CALGNGGSGGLRCTDKLIF
148 CALGELAPTKYWGIMTDKLIF
1.49 tgtgctct CALGGEVPGGTDKLIF
163 |tgtectcttgggganaggaagagactcctcacggggatagggactacgtacaccgataaactatcttt CALGERKRLLTGIGTTYTDKLIF
211 CALGETDGGIQARDYTDKLIF 333 0,005693962  0,569396235 27 5,19E-04 5,19E-02
218
217 |[tgtectet tt CALGELLPTQLPLYADKLIF 1243 002125404 2,125403964 HD2 1,39E-05 1,39E-03
218 CALDQGSGGYLKSTDKLIF 22133 0378451858 37,84518578 2168 0,041662663  4,166266311|  HD#1 1,40E-04  1,40E-02
2200
231 tgtgctct CALDQGSGGYLKSTDKLIF irefer to clone 2.18 refer to clone 2.18
23
237 CALGETDGGIQARDYTDKLIF refer to clone 2.11 refer to clone 2.11
248 tgtgctct tt CALGERASSYWGIGITDKLIF 92 0,001573107 0,157310671 6 1,15€-04 1,15€-02
249 CALGELLPTQLPLYADKLIF refer to clone 2.17 refer to clone 2.17
253* CALDQGSGGYLKSTDKLIF refer to clone 2.18 refer to clone 2.18
262
264"
274
281 |[tgtectet (CALGETDGGIQARDYTDKLIF refer to clone 2.11 refer to clone 2.11
291 CALDQGSGGYLKSTDKLIF refer to clone 2.18 refer to clone 2.18
2.100**
2102 CALDQGSGGYLKSTDKLIF refer to clone 2.18 refer to clone 2.18
2.105*
2.116* _|tgtgctcttgaccaagggtccgggggatacctaaagageaccgataaactcatettt CALDQGSGGYLKSTDKLIF refer to clone 2.18 refer to clone 2.18
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. " . . Clonotype Clonotype % clonotype | Sharedin PB Clonotype Clonotype countsin  Clonotype % clonotype | Shared in DOT Clonotype
Clone D ntjunction sequence 22junction sequence counts _N_uvw fraction ‘_ﬁ PB in vw< " samples =wn_»u” % dlonotype ,ﬁoq 3&“” in _uo«v samples :m.u:ﬁ % clonotype
310 |tgtgctet CALGGCLPTGWEGGTDKLIF
317 CALGERVYMGLGDTDKLIF
3.40 t CALGDYLLTGYADKLIF
368 |tgtec CALGEKVPYPDKLIF
374 tt CALGEDLHTPPEKERLIF
376 |tgtgc CALGEPIPYLGDLGPYTDKLIF
4.01 CALGEPLLHQNFTGGYLYTDKLIF
4.02**
4.10 CALGDSX(F/S)LSYGTWGIHGRDKLIF
415 CALGEPFSPLGGASHKLIF
4.17**
4.45%*
451%*
452+ CALTVSYIPPLGDYTDKLIF
453 |tgtgctet CALGESVPSYTYTYWGIATDKLIF
4.56* CALGELNSYPGVKHLDTDKLIF
457
458 CALGERKPMNLVLGDTFDKLIF
4.59*
460 |tgtec CALGELVTTGDTDRDTDKLIF
461 t CALGAYRTGVWTDKLIF
4.65**
4.69 CALGTGNLIRGPRWTDKLIF
472 |tgtec t CALGEGVSLTGGYSLYTDKLIF
4.79**
4.84%*
4.85%*
488 t CALGESIPFRPLLGDWGTGFADKLIF
4.92*  |tgtgctet CALGELEEWPLPLRLGDIRGTDKLIF
499 CALGEPSLKRRRAGGHKSSHTDKLIF
4100 [tgtgctet tt CALGELREKNTDKLIF
4.102* CALGELREKNTDKLIF
4103 [tgtec CALGELSGGAYTDKLIF
4.105 CALGELHSYGSGPRSVGDPRRKLIF
4.107*  |tgtgctet tt CALGEPRVLGGPTYTDKLIF
4.113%*
4.114 _|tgtgctcttggggaagtccggctectacgggtactgggggaccaccegacgggtaaactcatcttt CALGEVRLLRVLGDHPTGKLIF

98




Table 4.8 Analysis of clone-derived TCRy chains (aminoacidic clonotypes of clones described in Table 6.6). The table displays the

CDR3 regions at nucleotide and aminoacidic level, chain absolute counts and relative frequencies among all donors

Clonotype counts ?M_nﬂ_””,ﬂhww % clonotype in PB Clonotype counts Clonotype % clonotype in
Clone ID in PB (other (other (other nt sequence in PB (other nt sequence) in DOT (other fraction (other DOT (other nt sequence (other nt sequence)
sequences) os) ) ) ) )
1.06 31 6,20E-04 6,20E-02 TGTGCCTTGTGGGAGGTGCGTTATTATAAGAAACTCTTT 65 0,001175428 0,117542813  [TGTGCCTTGTGGGAGGTGCGCTATTATAAGAAACTCTTT
10 1,81E-04 1,81E-02 TGTGCCTTGTGGGAGGTGCGATATTATAAGAAACTCTTT
4 7,23E-05 7,23E-03 TGTGCCTTGTGGGAGGTGCGTTATTATAAGAAACTCTTT
4 7,23E-05 7,23E-03 TGTGCCTTGTGGGAGGTGAGGTATTATAAGAAACTCTTT
1.34 32 6,40E-04 6,40E-02 TGTGCCACCTGGGACGGGCCTTATAAGAAACTCTTT 52 9,40E-04 9,40E-02 TGTGCCACCTGGGATGGCCCATATAAGAAACTCTTT
29 5,24E-04 5,24E-02  TGTGCCACCTGGGACGGGCCTTATAAGAAACTCTTT
5 9,04E-05 9,04E-03 ' TGTGCCACCTGGGACGGGCCATATAAGAAACTCTTT
1.35 29 5,80E-04 5,80E-02 TGTGCCACCTGGGACGGAAATTATAAGAAACTCTTT 8 1,45E-04 1,45E-02 TGTGCCACCTGGGACGGGAATTATAAGAAACTCTTT
1.48 13 2,35E-04 2,35E-02 TGTGCCACCTGGGACAGGCCCCGTTATTATAAGAAACTCTTT
5 9,04E-05 9,04E-03  TGTGCCACCTGGGACAGGCCTCGATATTATAAGAAACTCTTT
2.48 5 1,13E-04 1,13€-02  TGTGCCACCTGGGACAGGCCGGAGAAACTCTTT
4 9,04E-05 9,04E-03  TGTGCCACCTGGGACAGGCCTGAGAAACTCTTT
3.17 64 9,05E-04 9,05E-02 TGTGCCACCTGGGACAGGCGGTATTATAAGAAACTCTTT
60 8,48E-04 8,48E-02 ' TGTGCCACCTGGGACAGGCGCTATTATAAGAAACTCTTT
50 7,07E-04 7,07E-02 ' TGTGCCACCTGGGACAGGCGTTATTATAAGAAACTCTTT
35 4,95E-04 4,95E-02 ' TGTGCCACCTGGGACAGGCGATATTATAAGAAACTCTTT
12 1,70E-04 1,70E-02 ' TGTGCCACCTGGGATAGGCGATATTATAAGAAACTCTTT
5 7,07E-05 7,07E-03 TGTGCCACCTGGGATAGGCGCTATTATAAGAAACTCTTT
3.68 g 4,24E-05 4,24E-03 TGTGCCACCTGGGATCTTTATAAGAAACTCTTT
3.74 1 2,58E-05 2,58E-03 TGTGCCTTGTGGGAGGTGCGTTATTATAAGAAACTCTTT 38 5,37E-04 5,37E-02 TGTGCCTTGTGGGAGGTGCGTTATTATAAGAAACTCTTT
12 1,70E-04 1,70E-02 TGTGCCTTGTGGGAGGTCCGTTATTATAAGAAACTCTTT
4 5,66E-05 5,66E-03 TGTGCCTTGTGGGAGGTGCGGTATTATAAGAAACTCTTT
4 5,66E-05 5,66E-03 TGTGCCTTGTGGGAGGTGAGGTATTATAAGAAACTCTTT
4.01 10 1,74E-04 1,74E-02 TGTGCCTTGTGGGAGGTTAATTATTATAAGAAACTCTTT
4.15 6 1,04E-04 1,04E-02 TGTGCCACCTGGGATAGGCCGCGTTATTATAAGAAACTCTTT
4 6,97E-05 6,97E-03 ' TGTGCCACCTGGGACAGGCCGCGGTATTATAAGAAACTCTTT
3 5,22E-05 5,22E-03 TGTGCCACCTGGGACAGGCCGCGATATTATAAGAAACTCTTT
2 3,48E-05 3,48E-03 TGTGCCACCTGGGACAGGCCTAGGTATTATAAGAAACTCTTT
4.58 9 1,57E-04 1,57E-02 TGTGCCACCTGGGACGGTTATAGTAGTGATTGGATCAAGACGTTT
3 5,22E-05 5,22E-03 TGTGCCACCTGGGACGGCTATAGTAGTGATTGGATCAAGACGTTT
2 3,48E-05 3,48E-03 TGTGCCACCTGGGACGGGTATAGTAGTGATTGGATCAAGACGTTT
4.69 10 1,74E-04 1,74E-02 ' TGTGCCACCTGGGACTTTTATAAGAAACTCTTT
2 3,48E-05 3,48E-03 TGTGCCACCTGGGATTTCTATAAGAAACTCTTT
4.114 20 3,48E-04 3,48E-02 TGTGCCACCTGGGTCTATTATAAGAAACTCTTT
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Table 4.9 TCRy chain usage per clone. TCRy chains were aligned to genomes of reference on IMGT: TRGVx indicates the recombined
y chain in the clone of reference, 01 or 02 values are indicative for the allele and F indicates that the sequence is predicted to be
functional.

Clone ID V region and allele Clone ID V region and allele Clone ID V region and allele Clone ID V region and allele
1.03 TRGV8*01 F 2.11 TRGV8*01 F 3.10 TRGV9*01 F 4.01 TRGV9*01 F
1.04 TRGV4*02 F 2.17 TRGV2*02 F 3.17 TRGV8*01F 4.10 TRGV8*01 F
1.05 TRGV2*01 F 2.18 TRGV8*01 F 3.40 TRGV4*01 F 4.15 TRGV5*01 F
1.06 TRGV9*01 F 2.31 TRGV8*01 F 3.68 TRGV5*01 F 4.58 TRGV4*01 F
111 TRGV9*01 F or *02 F 2.37 TRGV8*01 F 3.74 TRGV9*01 F 4.59* TRGV4*01 F
1.12 TRGV5*01 F 2.48 TRGV5*01 F 3.76 TRGV9*01F 4.60 TRGV3*01F
1.13 TRGV9*01 F 2.49 TRGV2*02 F 4.61 TRGV9*01 F
1.26 TRGV4*01 F 2.81 TRGV8*01 F 4.65* TRGV9*01 F
1.30 TRGV4*02 F 2.91 TRGV8*01 F 4.69 TRGV8*01 F
131 TRGV3*01 F 2.102 TRGV8*01 F 4.72 TRGV9*01 F
134 TRGV4*02 F 4.79* TRGV8*01 F
1.35 TRGV4*01 F 4.88 TRGV9*01 F
136 TRGV9*01 F 4.99 TRGV3*01 F
137 TRGV9*01 F 4.100 TRGV2*02 F
139 TRGV5*01 F 4.103 TRGV9*01 F
148 TRGV5*01 F 4.105 TRGV4*01 F
149 TRGV5*01 F 4.114 TRGV8*01 F
1.63 TRGV9*01 F

Table 4.10 Summary of clone selection. * and ** denote clones with same y but different 6 sequences; a =*< 1%, ** < 10%, *** >
10%. b=<0.1%; ** > 0.1%.

Y chain 6 chain
Killing DOT PB DOT
| PB (oth
reduction ¢ IoDn € Chain PB® doflc:rs()e: DOT®  (other PB® DOT* (other (other
(aTCS1) donors)® donors)® donors)®
1.37%* Vy9 + _ _ + ++ + _ _
211 W8 + - - + + + - -
374 W9 + + ; - ) ) ; ]
>20%
1.06%* W9 - - - # - - - -
317 W8 - + - + - - - -
1.36%* W9 - - - + - - - -
1.11* W9 - - - + - - - -
<20%
2.18 Vy8 e o - ++ +++ ++ _ +

4.3.6 Report generation and reactivity assays

After clone selection (Table 4.10), we started the molecular cloning of their TCR into the J.RT3 cell line, used
as reporter for T cell activation, following the methodology established by our collaborators in Julie
Déchanet-Merville’s laboratory (Bordeaux, France). RNA was extracted and retrotranscribed into cDNA; the
TCR regions of both y and & chains were amplified by PCR, separately ligated into the pCR-blunt vector and
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used to transform TOP10 competent bacterial cells. Antibiotic-resistant colonies were selected, and the
insertion of the ligation products was verified by restriction analysis or by PCR. Finally, we confirmed the
presence of the inserts with the right cDNA sequence and proper ORF by Sanger sequencing. Only TCRy
sequences comprised between 980bp and 1100bp and TCR& sequences between 747bp and 900bp were
selected (Table 4.11). We were not able to identify verified colonies for 1.11, 1.36 and 3.17 TCRy chains and
for 2.31 TCR& chain. However, J.RT3 reporters for 1.11 and 1.36 were generated using their clonotypes
(1.37 and 1.06, respectively).

Table 4.11 y and & chain insert length in the generated plasmids.

y chain nt aa 6 chain nt aa
1.06y 1053 350 1.066 885 294
1.11y - - 1.116 789 262
1.36y - - 1.366 870 289
1.37%y 1026 341 1.376 900 299
2.11y 1035 344 2.116 - -
2.18y - - 2.186 - -
3.17%y - - 3.176 882 293
3.74y 984 327 3.746 747 278

To further validate the sequences contained in the generated plasmids, we predicted the presence of
transmembrane helix domains using the TMHMM Server v. 2.0 (Figure 4.29).

Furthermore, we aligned the obtained TCR y and & chains to a set of sequences (see Table 3.5 and Table
3.6), provided by our collaborators in Bordeaux, to check for similarities in FR and CDR length and
composition. y and 6 chain alighments are listed respectively in Table 4.12 and 4.13: the CDR3 regions are
highlighted in magenta and comprised between FR3 and FR4 (displayed in green).

101



TMHMM posterior probabilties for WEBSEQUENCE TMHMM posterior probabilties for WEBSEQUENCE
12 12
—
1 \ ;
\
os o8 |
z z
8 os g os
g g
g g
04 04
B i MWM
o Ml —. . o 4
E) 100 150 200 250 300 35¢ 0 100 150 200 250
transmembrane: inside outside transmembrane inside outside:
1.116
TMHMM pasterior probabilities for WEBSEQUENCE
12
1
08 \‘
z S
2 \;/
8 os
8
g
04
02 m
o
50 100 150 200 250
transmemnbrane inside outside
1.368
TMHMM posterior probabilities for WEBSEQUENCE
12
L S
5 08 \
8 oo -
8
8
04
N ﬂﬂmwulmm
o
50 100 150 200 250
transmemnbrane inside outside
1.37%y 1.376
TMHMM posterior probabilties for WEBSEQUENGE TMHMM posterior probabilties for WEBSEQUENCE
12 12
— 1
| S
| — \
(D) |
o8
z £ —
3 oe g oo
8 o
g -3
g
04 04
- i B JJ“WIIIM
0 . 0

50 100 150 200 250 00 50 Too 150 200 250

inside outside

transmembrane

transmembrane: inside outside

TMHMM posterior probabilities for WEBSEQUENCE

probability
s o o o -
©c m R o @ = m

50 100 150 200 250 300
transmembrane inside outside
TMHMM posterior probabilies for WEBSEQUENGE
12
1 |
3
= 08 |
g N
& e
2
3
04
N vﬂﬂmmum‘m
0
50 100 150 200 250
transmembrane inside outside
3.74y 3.748
TMHMM posterior probabilities for WEBSEQUENCE TMHMM posterior probabilties for WEBSEQUENCE
12 12
1 1
i
L
. oe = o8
£ H
§ 06 g 0e [
g
g g |
04 04 N\
02
02
i i 1 o .
o 50 100 180 200
50 100 150 200 250 300
transmermbrane —— inside —— outside ——
transmembrane inside —— outside

Figure 4.29 Transmembrane helix domains prediction. Plots show the posterior probabilities of inside (blue)/outside
(magenta)/transmembrane (red) helix (y axis) of each amino acid (x axis) for the y and & chains (left and right respectively). The
plots are obtained by calculating the total probability that a residue sits in helix, inside, or outside summed over all possible paths
through the model. The best prediction is shown at the top of each plot (between 1 and 1.2).
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Table 4.12 TCRy chain alignment. CDR3 region (magenta) is included between FR3 and FR4 (green)

1.06vy
1.37y
2.31y
3.74y
LESvy4
y8Nantes
PINvy4
CHAMy
MAUVY9
v9clone26
y9Nantes

1.06vy
1.37y
2.31y
3.74y
LESvy4
y8Nantes
PINv4
CHAMy
MAUY9
y9clone26
y9Nantes

1.06y
1.37y
2.31y
3.74y
LESy4
y8Nantes
PINy4
CHAMy
MAUY9
v9clone26
y9Nantes

1.06y
1.37y
2.31y
3.74y
LESy4
y8Nantes
PINv4
CHAMy
MAUV9
vy9clone26
y9Nantes

1.06y
1.37y
2.31y
3.74y
LESY4
y8Nantes
PINv4
CHAMy
MAUV9
v9clone26
y9Nantes

MLSLLHTSTLAVLGALCVYGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRE
MLSLLHTSTLAVLGALCVYGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRE
MLL-ALALLLAFLPP-ASQKSSNLEGRTKSVTRPTGSSAVITCDLPV--ENAVYTHWYLH
MLSLLHASTLAVLGALCVYGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRE
MOW-ALAVLLAFLSP-ASQKSSNLEGRTKSVIRQTGSSAEITCDLAE--GSTGYIHWYLH
MLL-ALALLLAFLPP-ASQKSSNLEGRTKSVTRPTGSSAVITCDLPV--ENAVYTHWYLH
MLL-ALALLLAFLPP-ASQKSSNLEGRTKSVTRPTGSSAVITCDLPV--ENAVYTHWYLH
MOW-ALAVLLAFLSP-ASQKSSNLEGRTKSVIRQTGSSAEITCDLAE--GSTGYIHWYLH
MLSLLHTSTLAVLGALCVCGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRE
MLSLLHTSTLAVLGALCVYGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRE

MLSLLHASTLAVLGALCVYGAGHLEQPQISSTKTLSKTARLECVVSGITISATSVYWYRE
* HE . HE o A . H!

RPGEVIQF-LVSISYDGTV.
RPGEVIQF-LVSISYDGTV
QEGKAPQRLLYYDSYNSR
RPGEVIQF-LVSISYDGTV.
-EGKAPQRLLYYDSYTSS
QEGKAPQRLLYYDSYNSR
QEGKAPQRLLYYDSYNSR
QEGKAPQRLLYYDSYTSS
RPGEVIQF-LVSISYDGTV
RPGEVIQF-LVSISYDGTV
RPGEVIQF-LVSISYDGTV

* . * * * % * . . . . . K * Kk Kk x

DKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLOKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLOKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLOKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLOKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLOKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLE
DKQLDADVSPKPTIFLPSIAETKLQKAGTYLCLLE

R R R R R R R R R R I

KFFPDITKIHWQEKKSNTILGSQEGNTMKTNDTYMKEFSWLTVPEESLDKEHRCIVRHENN
KFFPDITKIHWQEKKSNTILGSQEGNTMKTNDTYMKEFSWLTVPEESLDKEHRCIVRHENN
KFFPDIIKIHWQEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEESLDKEHRCIVRHENN
KFFPDIIKIHWQEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEESLDKEHRCIVRHENN
KFFPDITKIHWQEKKSNTIMGSQEGNTMKTNDTYMKEFSWLTVPEESLDKEHRCIVRHENN
KFFPDITKIHWQEKKSNTILGSQEGNTMKTNDTYMKEFSWLTVPEESLDKEHRCIVRHENN
KFFPDIIKIHWQEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEESLDKEHRCIVRHENN
KFFPDVIKIHWQEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEKSLDKEHRCIVRHENN
KFFPDITKIHWQEKKSNTILGSQEGNTMKTNDTYMKEFSWLTVPEESLDKEHRCIVRHENN
KFFPDITKIHWQEKKSNTILGSQEGNTMKTNDTYMKEFSWLTVPEESLDKEHRCIVRHENN
KFFPDVIKIHWEEKKSNTILGSQEGNTMKTNDTYMKFSWLTVPEKSLDKEHRCIVRHENN

R R R IR R R I R R IR R R R R R SRR R

KNGIDQEIIFPPIKTDVTTVDPKDSYSKDANDVTTVDPKYNYSKDANDVITMDPKDNWSK
KNGIDQEIIFPPIKTDVTTVDPKDSYSKDANDVTTVDPKYNYSKDANDVITMDPKDNWSK
KNGIDQEIIFPPIKTDVTTVDPKDSYSKDANDVTTVDPKYNYSKDANDVITMDPKDNWSK

KNGIDQEITFPPIKTDVIT-—-——-———————————— VDPKYNYSKDANDVITMDPKDNWSK
KNGIDQEITFPPIKTDVTTVDPKDSYSK-—-—-=-=-==————————— DANDVITMDPKDNWSK
KNGIDQEITFPPIKTDVIT-—-—————————————— VDPKYNYSKDANDVITMDPKDNWSK
KNGIDQEIIFPPIKTDVIT---=-=——=—=——=—=———— VDPKYNYSKDANDVITMDPKDNWSK
KNGVDQEIIFPPIKTDV-——————————————————————————————— ITMDPKDNCSK
KNGIDQEIIFPPIKTDVIT----———————————— VDPKYNYSKDANDVITMDPKDNWSK
KNGIDQEIIFPPIKTDVIT----———————————— VDPKYNYSKDANDVITMDPKDNWSK

KNGVDQEIIFPPIKTDVITMDPKDNCSKDAND - == =—=——————————————————————

Kk ke kAKX kKA Kk kkk kK kK%
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173
174
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233
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233
228
226
227
227
233
234
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272
270
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1.06vy
1.37y
2.31y
3.74y
LESv4
y8Nantes
PINvy4
CHAMy
MAUY9
v9clone26
y9Nantes

DANEHVQFLLDTLLLOQLTNTSAYYMYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS

DAND-—-—----- TLLLOLTNTSAYYMYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS
DAND-—-—----- TLLLOLTNTSAYYMYLLLLLKSVVYFAIITCCLLGRTAFCCNGEKS
DAND-—-—----— TLLLOLTNTSAYYMYLLLLLKSVVYFAIITCCLLGRTAFCCNGEKS
DAND-—-—----— TLLLOLTNTSAYYMYLLLLLKSVVYFAIITCCLLGRTAFCCNGEKS
DAND-—-—----- TLLLOLTNTSAYYTYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS
DAND-—-—----- TLLLOLTNTSAYYTYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS
DAND-—-—----— TLLLOLTNTSAYYMYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS
DAND-—-—----— TLLLOLTNTSAYYTYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS
DAND-—-—----- TLLLOLTNTSAYYTYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS

——————————— TLLLOLTNTSAYYMYLLLLLKSVVYFAIITCCLLRRTAFCCNGEKS

KAXKXKXKXKAKAKAKAKAKAAKX AAAAAAAAAAAAAAAAAAA* KA AAA A A A Ak K

Table 4.13 TCRé chain alignment. CDR3 region (magenta) is included between FR3 and FR4 (green)

.06d
L1158
.36d
.37d
L1758
)
MAUS
CHAMS
PIND
S51DAVID
LES&5
d3Nantes
d3clone26
d2Nantes

W W PP

.06d
L1158
.36d
.37%
L1758
.74%
MAUS
CHAMS
PIND
S1DAVID
LES&5
d3Nantes
d3clone26
d2Nantes

WWrE PP e

.06d
L1158
.36d
.37
178
.74%
MAUS
CHAMO
PIND
&1DAVID
LES®5
d3Nantes
53clone26
52Nantes

WwWrE PP

—————————————————————————— MLFSSLLCVEVAFSY--SGSS—VAQKVTQAQSSV
————————————————————————— MLFFQPGCGVFVAFQL--TRDQGGPRRLLOPQSSV
—————————————————————————— MLFSSLLCVEVAFSY--SGSS-VAQKVTQAQSSV
—————————————————————————— MLFSSLLCVEVAFSY--SGSS—VAQKVTQAQSSV
—————————————————————————— MLFSSLLCVEVAFSY--SGSS—-VAQKVTQAQSSV
———————————————————————————————————————————————— MGQKVTQAQSSV
—————————————————————————— MLFSSLLCVEVAFSY--SGSS—-VAQKVTQAQSSV
—————————————————————————— MLFSSLLCVEVAFSY--SGSS-VAQKVTQAQSSV
—————————————————————————— MLFSSLLCVEVAFSY--SGSS-VAQKVTQAQSSV
——————————————————————— MAMLLGASVLILWLQPDWVNSQQKNDDQQVKQONSPST
————————————————————————— MILTV---GFSFLFFYRG----TLCDKVTQSSPDQ
————————————————————————— MILTV---GFSFLFFYRG----TLCDKVTQSSPDQ
CAPPAGYQLHRGGGRSRTSGSPGEAMQRISSLIH--LSLFWAGVM---SAIELVPEHQTV

SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY)
SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY)
SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY
SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY
SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY)
————————————— MK-PSWWSYYIFWSKQLPSKEMIFLIRQGSDE---QNAKSGRY
SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY
SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY
SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY)|
SMPVRKAVTLNCLYE-TSWWSYYIFWYKQLPSKEMIFLIRQGSDE---QNAKSGRY|
SVQEGRISILNCDYT-NSMFDYF-LWYKKYPAEGPTFLISISSIK-—--DKNEDGRF'
TVASGSEVVLLCTYD-TVYSNPDLFWYRIRPDYSFQFVFYGDNSRSEGADFTQGREF'
TVASGSEVVLLCTYD-TVYSNPDLFWYRIRPDYSFQFVFYGDNSTSEGADETHGRE]
PVSIGVPATLRCSMKGEAIGNYYINWYRKTQGNTMTEFIYREKDIY---GPGEFKDNE]
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.06d
L1198
.36d
.37%
178
.74%
MAUS
CHAMD
PINS
S51DAVID
LES&5
&3Nantes
d3clone26
d2Nantes

W Wk e

.06d
L1198
.36d
.37
L1758
.745
MAUS
CHAMS
PINS
&1DAVID
LES®5
&3Nantes
53clone26
d2Nantes

W Wk e

.06d
L1158
.36d
.37
178
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MAUS
CHAMdS
PIND
&1DAVID
LES®5
&3Nantes
&3clone26
d2Nantes

W WP

SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL
SQPHTKPSVFVMKNGTNVACLVKEFYPKDIRINLVSSKKITEFDPAIVISPSGKYNAVKL

ER R R R R

GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
———————————————————————————————— DHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
GKYEDSNSVTCSVQHDNKTVHSTDFEVKTDSTDHVKPKETENTKQPSKSCHKPKAIVHTE
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KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL 294
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLEFL 262
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLEFL 289
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL 299
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL 293
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLEFL 248
KVNMMSLTGSLHHILDAQKMVWNHR-—----——— 264
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL 294
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL 300
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLEFL 287
KVNMMSLTVLGLRMLFAKTVAVNEFLLTAKLEFL 297
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL 291
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLFFL 289
KVNMMSLTVLGLRMLFAKTVAVNFLLTAKLEFL 317
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Having verified the cDNA inserts, we ligated them into a TEEW vector, in which cDNA was under the control
of the EFla promoter, and used the ligation products to transform Endura competent cells. After selection
and verification of newly transformed colonies, we produced high quantities of plasmids and used them to
produce lentiviral particles by transient transfection of 293T packaging cells. As shown in Figure 4.30, J.RT3
cells after transduction expressed CD3 and y6 TCR, in stark contrast to not-transduced control (light blue).
We next FACS-sorted double positive cells and cultured them to generate a reporter cell line. We were able
to successfully generate three reporters, namely J.RT3_TCR-1.11, J.RT3_TCR-1.37 and J.RT3_TCR-3.74.
Lentiviral particles were also generated for TCR-1.06 and TCR-1.36 but several rounds of transduction were

not successful.

J.RT3_TCR-1.11

Gated on live cells

Vo1l

CD3

Figure 4.30 Example of a successful reporter transduction. J.RT3 cells after transduction expressed CD3 and yé TCR in stark contrast
to not-transduced control (light blue); double positive cells were FACS-sorted and cultured to generate a reporter cell line.

After generating the J.RT3_TCR reporters, we tested their reactivity capacity against several tumour target
cell lines (Table 3.7). J.RT3_TCRs were incubated during 4 hours with the target cells in a 1:1 ratio and then
analysed by FACS to assess CD69 expression as outcome of T cell activation. Plate bound a-CD3 was used as
positive control for reporter activation. As shown in Figure 4.31, we did not detect any significant increase
in CD69 median fluorescence intensity (MFI) after co-incubation with the tested AML cell lines. However,
we observed a mild increase in CD69 MFI of all reporters after co-incubation with OCI-AML3. Plots are
representative for n = 5 experiments and each histogram represents the average MFI value of the
experimental conditions and controls (no target cell lines) ratio. The dashed red at 1 represents the control.
We further tested the J.RT3_TCR-3.74 reactivity against other hematologic and solid tumour cell lines, but
we did not identify any target inducing reporter activation (Figure 4.32). Plot is representative for n = 1

experiment.
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Figure 4.31 Reporter reactivity assay. J.RT3_TCRs were incubated during 4 hours with the target cells in a 1:1 ratio and then
analysed by FACS to assess CD69 expression as outcome of T cell activation. Plate bound a-CD3 was used as positive control for
reporter activation. Plots are representative for n = 5 experiments and each histogram represents the average MFI value of the
experimental conditions and controls (no target cell lines) ratio. The dashed red at 1 represents the control.

106



J.RT3_TCR-3.74

61

MFIFold increase
(Test/CTR)

RN Hﬂﬂﬂﬂ'ﬂ""ﬂﬂﬂﬂ ““““

9// _

T

& X o A
9 & O & & ~ S &
& SN & 2 @
S EE SN F IS T

Figure 4.32 Additional J.RT3_TCR-3.74 reactivity assay. J.RT3_TCR-3.74 reactivity was assessed against other hematologic and solid
tumour cell lines; no good target for reporter activation was identified. Plot is representative for n = 1 experiment.

Interestingly, in a subsequent series of experiments we serendipitously added an additional step consisting
in pre-incubating the J.RT3_TCR reporter cells with a-CD3 monoclonal antibody (clone HIT3a) for 10/,
washing the a-CD3 in excess and co-incubating during 4 hours with the target cell lines in a 1:1 ratio. Again,
the output was assessed in terms of CD69 MFI by FACS. Although the addition of a pre-activation step
induced an increase in the basal CD69 MFI (Figure 4.33), we observed a further and robust increase in CD69
MFI of the JRT3.3_TCR-3.74 when co-cultured with the OCI-AML3 cell line in a pilot experiment (Figure

4.33).
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Figure 4.33 Pilot experiment with incubation the reporter with a-CD3. J.RT3_3.74 was incubated with a-CD3 (clone HIT3a) for 10’,
washed and co-incubated during 4 hours with the target cell lines in a 1:1 ratio. Output was assessed in terms of CD69 MFI by FACS.

To further evaluate this phenomenon, we repeated the new reactivity assay protocol including the
JRT3_TCR-1.11 and JRT3_TCR-1.37 reporters and additional AML tumour cell targets (Figure 4.34). We
observed that the addition of the a-CD3 stimulation induced approximately three-fold increase in the CD69
MFI values of the all the reporters compared to the control when these were co-incubated with the OCI-
AML3 AML cell line. HL-60 was also inducing an increase in CD69 MFI but to a smaller extent (Figure 4.34A).
Additionally, the increase in CD69 MFI was accompanied by a decrease in TCR expression as assessed by the
percentage of CD3*V&1* cells (Figure 4.34B).
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Figure 4.34 Reactivity assay following a-CD3 pre-incubation. J.RT3_TCR-1.11, -1.37 and -3.74 were incubated with a-CD3 (clone
HIT3a) for 10°, washed and co-incubated during 4 hours with the target cell lines in a 1:1 ratio. Output was assessed in terms of
CD69 MFI and of CD3 and V61 expression by FACS. Plot is representative for n = 4 experiments (mean + SD are indicated).

Additionally, we tested other tumour cell lines of hematologic (AML and not) origin as well as solid tumour
cell lines, AML primary samples and healthy PBMC controls. Results are summarized in Figure 4.35.
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Figure 4.35 Reactivity assay heatmap for CD 69 MFI. J.RT3_TCR-1.11, -1.37 and -3.74 were incubated with a-CD3 (clone HIT3a) for
10’, washed and co-incubated during 4 hours with the target cell lines in a 1:1 ratio. Ratio values (test condition over the control) are
plotted in a colour scale where blue is associated with the smallest values and red to the highest (n = 3-5).

At this point, we decided to perform additional control experiments to evaluate the possibility that the
increase in CD69 MFI was in fact due to an experimental artefact. We first demonstrated that the observed
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induction of CD69 MFI after co-incubation with OCI-AML3 was dose-dependent by using a-CD3 dilutions
(from 5ug/ml to 2.28ng/ml) during the pre-activation step of the J.RT3_reporters (Figure 4.36, left panel).
Furthermore, we performed the reactivity assay after pre-incubating OCI-AML3 cells with a Fc receptor
blocking reagent or with an Ig chain of the same type of the a-CD3 used for the reporter pre-activation
(IgG2a). None of the two strategies were reducing the CD69 MFI induced after co-incubation (Figure 4.36,
middle panel). Finally, we only observed activation of J.RT3_TCR reporters only after pre-activation with a
specific a-CD3 clone, namely clone HIT3a. Despite bearing the same isotype of HIT3a antibody (lgG2a),
clone OKT3 did not induce reporter activation.
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Figure 4.36 Reactivity assay experimental controls. Reporters were incubated with: dilutions of HIT3a (left), Fc block or IgG2a
(middle), a-CD3 OKT3 or UCHT1 clones for 10°. Reporters cells were then washed and co-incubated during 4 hours with the target
cell lines in a 1:1 ratio. Values are normalized for the untreated control (n =3; colour scale goes from the smallest value in blue to the
highest in red).

To conclude, we also repeated the reactivity assays including in our experiments two TCR reporters (LES
and MAU) and a target cell line (HT29) expressing their ligands. These lines were kindly provided by our
collaborators in Bordeaux. As expected, CD69 MFI was not increased in JRT3_TCR-1.11, -1.37 and 3.74
when co-incubated with HT29, whereas LES and MAU reporters showed an increased CD69 MFI even in the
absence of pre-stimulating a-CD3 antibody. Surprisingly, pre-activated LES and MAU reporters increased
CD69 MFI when incubated with OCI-AML3 (Figure 4.37) even if their putative ligands are not expressed in
this target cell line (Figure 4.38). These data raise the possibility that OCI-AML3 expresses a “pan-ligand”
that reacts with multiple y6 TCRs (on their respective reporter lines).
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Figure 4.37 Addition of LES and MAU reporters to the reactivity assay. Reporters were incubated with HIT3a for 10°, washed and co-
incubated during 4 hours with the target cell lines in a 1:1 ratio. Values are normalized for the untreated control (n =3; colour scale
goes from the smallest value in blue to the highest in red).
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Figure 4.38 Eph2A and EPCR qPCR analysis. RNA was extracted from HT29, OCI-AML3, GDM1 and 4 healthy PB controls and the
expression of Eph2A and EPCR was checked among these samples. Expression data are normalized to HT29 (red dashed line) used as

positive control.
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4.3.7 Conclusions

The identification of relevant tumour antigens recognized by V61* T cells via their TCRV61 is not a trivial
question, given that various other receptors, especially NK cell receptors, have been shown to be involved
in tumour cell targeting in vitro?’°. In this study we successfully established and selected V&1* T-cell clones
from healthy donors, cloned their TCRs into a J.RT3 line and thus generated TCR reporters with the aim of
screening tumour cell lines for new V61* TCR ligands.

Using ex vivo aB-depleted PBMCs from HD#1-4, we were able to successfully replicate DOT cell expansion
experimental results previously obtained in our laboratory%. The expansion method we used is indeed
robust enough to allow V61* T cells to become the dominant cell subset within 11 days of culture and
continue to expand until day 21. At the end of expansion, we were able to enrich (>65%), expand (up to
2,300-fold) V&1* cells while observing a dramatic increase in the repertoire diversity; thus, DOT cells lost
the oligoclonality of the V61" peripheral blood repertoire, as highlighted by the contribution of the top 20
most frequent clones to the repertoire distribution (Figures 4.4 and 4.5) and by the increase in the
intrasample diversity after the DOT-cell protocol (Table 4.3). Moreover, signs of previous immunological
history of the donor, evaluated by CDR3 length distribution, were lost in the process (Figure 4.4).
Furthermore, we were not able to predict whether a clonotype would be present in the final DOT-cell
repertoire by looking at its frequency or abundance before expansion.

We generated V81" clones using two methods: a limiting dilution and a single cell seeding approaches. In
both strategies, cells were cultured for 21 days following the DOT cell expansion protocol and weekly
providing irradiated feeders cells. Although we were able to establish clones using the limiting dilution
approach, we selected the single cell seeding method, since it allowed us to save time and resources. After
21 days, we obtained enough cells to perform clone phenotypic and functional analyses, TCR Sanger
sequencing and TCR molecular cloning of the selected clones. Given the limited availability of viable cells
after clone expansion, we decided to test CD3"V§1" clones only against KG-1 AML cells. This target cell line,
together with Kasumi-1, gave us the most reproducible results in terms of targeting and blocking
experiments. Kasumi-1 was not selected because of its lower doubling time and difficulty in starting the
culture. Interestingly, from our analysis there was no clear correlation between clone growth speed and
NCR expression or between the expression of NCRs (NKp30 or NKp44) and the killing output, meaning that
the recognition of targets by V61* clones depends on the combination of several mechanisms (i.e. TCR,
NKp30, NKp44, NKG2D). The role of NCRs is currently under investigation in other lines of research in the
laboratory.

The extensive analysis of ex vivo and DOT-cell TRG and TRD repertoires was at the basis for the selection of
V&61* clones. We selected a cohort of donors accordingly to the fraction of circulating V61* T cells and we
obtained data from their circulating V61* T cell repertoires as well as data regarding the DOT cell repertoire
products derived from their PB samples. Along with these analyses, we established single cell clones from
each donor, with a clonal efficiency of approximately 25% that resulted in around 75 clones per donor. We
aimed at identifying ligands for clones that could explain a bigger fraction of the V81* T cell reactivity. To do
so, we selected clones that were present in high frequencies in their repertoire of origin; were shared
among several donors; and were able to kill the AML KG-1 cell line in a TCR-dependent manner. Our final
selection was therefore composed of 8 clones: 1.37 6 chain accounted for 11.85% of HD#1 TRD repertoire
and was found in the DOT repertoire of the same donor. Moreover, blocking the & chain of the 1.37 clone
with an a-V61 TCR antibody (TCS1) reduced its ability of killing the KG-1 target cells by ~46% (Table 6.4),
whereas the same intervention had almost no effect on clone 1.11 (~¥3% reduction). Clone 2.11 y chain was
present in low frequency in the ex vivo repertoire of the same donor and in the DOT repertoire of HD#1
(0.28% and 0.047% respectively). Clone 3.74 y chain was highly conserved among ex vivo and DOT
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repertoires of all donors with the exception of DOT sample generated from HD#3. The y chain derived from
clones 1.06 and 1.36 was highly shared among DOT repertoires of HD#2-4. Clone 3.17 y chain was found as
aa clonotype in the ex vivo repertoire of HD#1 and was detected in all the DOT repertoires. Finally, the &
chain derived from clone 2.18 constituted 37.84% of HD#2 ex vivo repertoire, 4.16% of HD#2 DOT
repertoire and was found in HD#1 DOT repertoire (0.014%). Moreover, we also selected clone 1.36 because
of a specific aminoacidic motif in its 6 chain: indeed, this clone bears the that was previously described to
be associated to clones that expanded in the clinical scenario of CMV infection??, Additionally, clone 3.74
was selected since its y chain was previously found by our collaborators in an unrelated cord blood
sample®® and, therefore, could be defined as public y chain sequence.

A possible criticism to our approach is the a-V61 TCR antibody blockade, since it has been demonstrated
that certain anti-y8TCR antibodies cause Fas-dependent apoptosis®*4. Thus, previous blocking assays
reported in the literature may have overstated ydTCR involvement by assuming that decreased target
death is due to TCR blockade, not realizing that a proportion of effector y& T cells may have undergone
apoptosis (effectively reducing the effector: target ratio). In this regard, a limitation of our study was not
performing viability studies with the expanded clones upon incubation with anti-V61 TCR mAb. Indeed, we
used the samples for phenotypic and functional characterization, TCR chain Sanger sequencing and (as
much cells as we could get) for the final molecular cloning. Therefore, it was not possible to evaluate the
effect of the anti-V61 blocking antibody (clone TSC-1) on the viability of each clone.

We were able to successfully generate three TCR reporters for the clones 1.11, 1.37 and 3.74. Although
cloning and virus production of y and & chains from clones 1.06 and 1.36 were performed, several attempts
of viral transduction on the J.RT3 cell line did not work, and we had no time for troubleshooting during the
time frame of my PhD. With the generated J.RT3_TCR reporters, we tested them in coculture with several
target cell lines of tumour origin. Since the J.RT3 is a mutant line derived from the E6-1 clone of Jurkat that
lacks the B chain of the TCR, transducing functional TCRs allowed us to assess if the receptor was engaged
in the recognition of target cell lines, through the measurement of CD69. Indeed, this protein is a well-
known downstream for TCR dependent activation®3>. Moreover, this strategy was already successfully
established and led our collaborators in Bordeaux to identify two y& TCR ligands, namely EPCR'® and
Annexin 2A°, After generating J.RT3_TCR reporters and probing their functionality in terms of CD69
expression following CD3 stimulation, we assessed reporter reactivity against several target cell lines of
tumour origin, with no success. Indeed, we did not find any cell line directly capable of inducing a strong
CD69 upregulation in our reporters following direct TCR stimulation. Only thanks to the serendipitous
short-term addition of anti-CD3 mAb (HIT3a) to the reporters before co-incubation with the target cells
were we able to observe strong CD69 induction in the presence of OCI-AML3 target cells. We revised the
protocol to change a fortuitous addition into a well-established experimental procedure, that included a
reporter pre-stimulation step of 10’ with 5ug/ml anti-CD3 (HIT3a) before co-incubation with the target
cells. Interestingly, the pre-activation step was able to induce a strong increase in CD69 expression only
when reporter cells were co-incubated with OCI-AML3 cells, with a milder effect after co-incubation with
HL-60 cells.

We considered the possibility that these observations were an experimental artefact derived from the
modified procedure, and thus devised a set of controls using OCI-AML3 and HL-60 as test conditions, and
GDM-1 as negative control. We first assessed the effect of decreasing concentration of HIT3a antibody
during the reporter pre-activation step on the final CD69 readout, going from the working dilution we used
in the experiments to a final dilution of approximately 2ng/ml. CD69 upregulation was dose-dependent and
led us to speculate about a fine modulation mechanism with rearrangement of extracellular proteins that
remains to be investigated. Given the myeloid origin of the OCI-AML3 line, we also hypothesized that the
antibody could act as a “bridge” between our reporters and the target cell lines, through binding of the Fab
antigen binding site to the CD3 region (of the TCR complex on the reporters), and binding of the Fc portion
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to Fc receptors (on OCI-AML3 cells). To test this hypothesis, we incubated the target cells with a Fc blocking
reagent, consisting of a polyclonal mixture of anti-CD16, anti-CD32 and anti-CD64 antibodies, or with an
lgG2a isotype control (the same heavy chain of HIT3a antibody). The results led us to exclude this
hypothesis, since the pre-treatment of target cells with Fc blocking reagents did not interfere with the TCR
engagement and CD69 upregulation. Finally, we decided to test other anti-CD3 antibody clones, specifically
OKT3 and UCHT], to assess if the effect was restricted to HIT3a. Indeed, only HIT3a pre-activated J.RT3_TCR
reporters displayed an increase in CD69 expression after co-incubation with OCI-AML3. Of note, OKT3 bears
the same isotype of HIT3a (IgG2a), but still did not induce CD69 upregulation after OCI-AML3 co-incubation,
further supporting the exclusion the Fc receptor hypothesis.

Surprisingly, we observed that this effect was present in the three new reporters we generated, with no
restriction in terms of CDR3 regions: although the chain usage was the same (Vy9Vé1), two of the reporters
(1.11 and 1.37) were clonotypes for the y chains, while the & chains were not shared. Since the reporters
might have been engaged by the same unknown ligand on OCI-AML3 cells, we decided to perform the
reactivity assay using MAU and LES reporters (respectively Vy9Vvé1 and Vy4V&5 TCRs), already known to
recognize specific ligands, namely EphA2 and EPCR%, As expected and described, LES and MAU reporters
promptly recognized HT29 cells in the absence of anti-CD3 pre-treatment, whereas J.RT3_TCR-1.11, -1.37
and 3.74 did not. Moreover, LES and MAU were not activated in the presence of OCI-AML3, HL-60 or GDM-
1, consistent with their lack of expression of EPCR and EphA2. However, when pre-incubated with HIT3a,
both LES and MAU upregulated CD69 upon co-incubation with OCI-AML3. These unexpected data open two
lines of research. On one hand, we need to understand how HIT3a is impacting the reactivity assay,
considering potential conformational changes selectively induced by this antibody (and not other anti-CD3
clones) in the TCR complex of the reporters. On the other hand, the fact that OCI-AML3 cells were able to
activate the five reporters independently of their y and 6 CDR3 regions (or chain usage) may indicate a
“superantigen”-like recognition mechanism that requires further investigation beyond the time frame of
this PhD thesis.

Superantigens are molecules of bacterial or viral origin capable of inducing strong and non-specific T cell
activation thanks to their binding to the framework region between the CDR3 sequences in the variable
region of the TCR3363%, Superantigens appear to interact with less restricted structural determinants of the
TCR chain when compared to antigen-restricted responses and these molecules are therefore able to
stimulate a larger proportion of the T cell repertoire (up to 30%). This mechanism may have been
developed as immune-escape strategy: indeed, activating a big fraction of the T cell repertoire will
consequentially lead to the dilution of the specific antigen-restricted T cells within a big portion of
polyclonal and antigen-unrelated T cells. It is already known as well that y& T cells (and especially Vy9Vvé62 T
cells) can proliferate in response to stimulation with staphylococcal enterotoxins (SEs) or mediate lysis of SE
pulsed target cells. Proliferative responses have been found after stimulation with SEA, SEB and TSST. So far
cytotoxic y6 T cell reactivity has only been found against the highly homologous enterotoxins SEA and
SEE%,

Based on these phenomena, we envisage a molecule expressed on the OCI-AML3 cell surface that could
stimulate unrelated TCRs in an antigen-unspecific manner. We further hypothesize the need for HIT3a pre-
activation to favor clustering of CD3-TCR complexes on the reporter surface and thus facilitate the reporter
activation through the TCR. It is known from conventional T cells that TCR clustering promotes a
conformational change needed to start the signalling cascade3*®. Indeed, the monovalent engagement of
TCR by peptide-MHC or anti-TCR Fab fragments failed to transmit a conformational change to the
cytoplasmic region of CD3g, whereas bivalent and multivalent engagement did. This implies that TCR
ligation per se is not sufficient to transmit structural alterations through the TCR heterodimer to the CD3
subunits: ligand binding generates induced-fit type changes only in the variable TCR regions at the ligand-
binding interface, but no alterations at the distal portions of the heterodimer, which are connected to the
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CD3 units. Additionally, unlike Fab fragments of antibodies against TCR, Fab fragments of the CD3
antibodies OKT3 and UCHT1 induced the conformational change by binding directly to CD3¢33%,

In sum, the data presented in this chapter currently supports a working model in which the HIT3a mAb
pretreatment on our different reporter lines favors CD3-TCR complex clustering needed to recognize a
“superantigen”-like molecule on the OCI-AML3 cell surface, with no involvement of the CDR3 region, and
thereby overcoming the need of clonal-specific ligands. This line of research requires further investigation
in a joint and continued effort between our laboratory and our collaborators’.
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5 General discussion and future perspectives

V61* lymphocytes are among the first T cells to develop in the human foetus and are the predominant y6 T
cell subset in thymus and tissues after birth. During foetal life TRDV1 expression predominates between 15
and 16 weeks and together with TRDV2 are more strongly expressed than TRDV3 transcripts between 17
and 22 weeks. Only at 33 week gestation, the TRDV2 transcripts become predominant3¥, v81* T cell
generation increases later in gestation and, as consequence, V61* T cells comprise the majority of the y6
repertoire in cord blood*** and in paediatric thymus'*2. On the other hand, within the postnatal thymus,
TRDV1 expression is predominant, with low expression of TRDV2. In turn, the post-birth y& T cell output is
mainly constituted by cells of the V&1* subset. However, contrarily to what might be expected from these
statements, the most abundant y& subset in adults is Vy962*. The dramatic postnatal numerical expansion
of Vy9V&2* T cells likely occurs following microbial exposure, thanks their broad polyclonal responses to
pAgs, with the Vy9V62* subset ultimately dominating the circulating yo6 T cell repertoire during childhood.

With the advent of NGS technologies, new studies have provided new insights on V61" T cell
immunobiology. Previous studies in the literature'?, based on analyses of cord blood samples, showed that
the TRDV1 repertoire is highly polyclonal and, consequently, unfocused, displaying a broad variety of Vy
chain pairings and no predominant CDR3 segments with a specific length. This is in stark contrast to Vy9Vvé2
cells, which already includes prevalent public Vy9-JyP clonotypes that will be present throughout life*2.
With our study, applying NGS to highly (FACS-)purified V61" T cells from paediatric thymic samples, we
contributed to the field providing a new layer of information about the TRGV and TRDV repertoires during
early stages of human life. However, if our results confirmed what was described about the repertoires
from cord blood samples, we also revealed unsuspected aspects of the rearranged and expressed (at the
MRNA level) TRG and TRD repertoires of V61" cells, with the presence of a big fraction (~20%) of V62
sequences in the thymic TRD repertoire of all donors that we analysed and with the most abundant and
frequent thymic clonotypes bearing TRDV2 sequences. In stark contrast to the TRDV repertoires from
blood-derived V&61* cells, this large fraction of TRDV2 sequences in the thymic V61" samples cannot be
explained with contamination during the experimental procedures. Moreover, these TRDV2 sequences are
predicted to be functional and do not include the common rearrangement with the VyJP segment, thus
excluding a foetal or blood origin. At this point we can only speculate that the high amount of TRDV2
sequences could be linked to biallelic expression of &-chains*%®2%, Although it has been reported that y& T
cells might be capable to express two functional TCR with different y-chains®®, we rather assume that the
second allele might be silenced post-transcriptionally. However, to address these open questions
systematically it would require a rather challenging protein or mRNA analysis at the single-cell level (or
derived clones). Thus, the hypothesis that there would necessarily be a V62* single chain or heterodimer
retained intracellularly, in order to allow the V61" TCR to be uniquely expressed on the cell surface
deserves future investigation.

From a more global standpoint, and as already described for total (unsorted) y6 thymocytes3!? and their o

counterparts3?

, our results showed that the thymic V61" TCR repertoire has signatures of naive
repertoires!?*, being unbiased and unfocused, with no skewing towards some clonotypes. Moreover, we
also showed for the first time that V61* thymocytes (as peripheral blood and cord blood V61* T cells)
display private TRDV repertoires, in contraposition to their TRGV counterparts that showed a fraction of
common (shared among individuals) sequences'?*1?*, Additional studies will be needed in order to
understand whether the public TRG clonotypes are selected upon ligand encounter in the thymus; or
simply the output of a favoured TCR rearrangement. This, in fact, is an open question also on the Vy9-JPV§2

rearrangement that is prevalent in foetal life*!,
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Finally, besides showing new aspects of the TRDV1 thymocyte repertoire, our study qualified previous
conclusions on the TCR repertoire of human thymic y6 T cells. Recently and for the first time, TRGV and
TRDV repertoire diversity was recently during TCRy8&* T cell ontogeny and, specifically, in thymic samples3!?,
Indeed, Kallemejin and colleagues demonstrated that thymic y&* T cell repertoires (as well as cord blood-
derived repertoires) showed a broad, diverse repertoire in samples with Gaussian CDR3-length
distributions, in contrast to the more skewed repertoire in mature circulating TCRy8" T cells in adult
peripheral blood?'2, Critically, besides being in line with these findings, our results with the presence of an
unexpected large fraction of TRDV2 sequences in V&1* thymocytes strongly advocates for the use of highly
purified cell populations, ideally complemented by single-cell validation experiments, to avoid
misinterpretations of NGS data in future studies.

A major goal of my thesis was to contribute to the identification of relevant tumour antigens recognized by
V81* T cells via their TCRV81, which remains a key question in the y& T cell field?’°. We successfully
established and selected V61* T cell clones from healthy donors, cloned their TCRs into a J.RT3 line and thus
generated TCR reporters in order to screen tumour cell lines for new V61" TCR ligands, using a global
methodology previously established by our collaborators in the Déchanet-Merville lab (Bordeaux, France).

The first set of reactivity assay screening did not result in any cell line that was able to activate our
reporters. Only after the serendipitous addition of anti-CD3 (clone HIT3a) in culture, we designed a new
protocol that included a pre-activation step prior to the co-incubation and that allowed our reporters to be
activated by the OCI-AML3 cell line. We do not know what the pre-activation step induces, but we
hypothesized that this step is necessary for the pre-clustering of CD3 molecules on the reporters. Further
studies will be needed in this direction. Moreover, it was not possible to understand how the HIT3a
antibody work in comparison to the other anti-CD3 clones (UCHT1 and OKT3) that we tested and that did
not allow the reporters to recognize OCI-AML3. Indeed, there are no studies in the literature about the
epitope recognized by HIT3a. In addition, we wanted to exclude the possibility of this being an
experimental artefact due to the myeloid origin of OCI-AML3 and we thus performed several control
experiments. In none of these, including the incubation of OCI-AML3 with IgG2a isotype or FcR blocking
antibodies, we observed an alteration in the reactivity output of our reporters against OCI-AML3.
Moreover, OCI-AML3 was able to activate also two unrelated reporters (LES and MAU, generated by our
collaborators) after HIT3a pre-activation and even in the absence of their putative ligands. Indeed, OCI-
AML3 does not express EphA2 and EPCR, ligands for the LES- and MAU-TCRs.

These evidences support our hypothesis that the HIT3a mAb pretreatment on our different reporter lines
favors CD3-TCR complex clustering needed to recognize a “superantigen”-like molecule on the OCI-AML3
cell surface, with no involvement of the CDR3 region, and thereby overcoming the need of clonal-specific
ligands. Interestingly, it has been recently demonstrated that a yb TCR can directly interact with a ligand in
a CDR3-independent manner. This was the case of the human Vy4 chain whose HV4 region can recognize
the CFG face of the amino-terminal IgV domain of BTNL33%, These findings suggested the presence of a
conserved mechanism whereby the regulation of intestinal y& IELs by BTNL proteins is mediated by an
interacting chain coupled to a supporting chain that jointly determine biological activity. This might also be
the case of the collaborative regulation of human PB y6 T cell responses to HMB-PP by BTN3A1 and
BTN3A2. Further evidences emerged in this study showing that BTNL-responsive y& IELs are diverse,
expressing various TCRS chains with diverse CDR3 regions. Indeed, clone-specific CDR3 regions could
remain available to engage clonally restricted antigens, irrespective of the engagement of BTNL proteins. In
this model, proposed by Hayday and colleagues, the y6 TCR has an intrinsic ability to use a discrete
germline-encoded region to mediate innate, non-clonal responses to an endogenous agonist; and to use
recombinase-dependent regions to mediate adaptive, clone-specific responses to diverse ligands. As such,
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v& T cells might use their TCRs to simultaneously engage agonists and clonally restricted ligands, potentially
using HV4 to sense ‘normal self’ and the CDR1-CDR3 regions to sense ‘stressed self’3%°,

We envisage three possible approaches to identify the “superantigen”-like molecule expressed by OCI-
AMLS3 cells — using bioinformatics, biochemistry and/ or genome-wide protein expression analysis. We have
already started the design a bioinformatics approach to identify possible candidates by downloading RNA-
seq data of OCI-AML3, HL-60 and GDM-1. We removed the genes that were not present in the OCI-AML3
and HL-60 datasets, we mapped the selected genes on Panther (http://www.pantherdb.org/) and made a
selection for immune system related genes. At this point, we made a biased analysis selecting the genes
expressed at higher levels in OCI-AML3, present in HL-60 at a lower level and absent or even lower in GDM-
1 cells. We then selected genes encoding for membrane-localized proteins, obtaining a panel of 22 genes
(Figure 5.1A-B). Although promising in terms of target prediction and reduction of the number of
candidates, this approach needs to be further dissected and optimized in order to find more relevant
candidates and proceed with knockout strategies.

A B

Downloaded RNA-seq data of OCI-AML3, HL-60 and GDM-1

row min row max
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Map on Panther (database for gene annotation) ® Chemokines
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73 genes

Select membrane localized genes
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Figure 5.1 Bioinformatics approach to select candidates whose expression segregates with the reactivity (reporter) assays on
tumour cell lines. (A) Starting from 27512 genes expressed in OCI-AML3, we identify a panel of 22 genes after removing genes that
were present only in the GDM-1 dataset, that were not involved in immune system related mechanisms, that were highly expressed
in GDM-1 and that were not encoding for membrane localized proteins. (B) The 22 genes are grouped by functions in:
immunoglobulin super family genes (IgSF), chemokines, synaptic protein genes, others.

Ill

Another possible strategy to identify the potential “pan-ligand” present on OCI-AML3 cells relies on a
biochemical approach as the one developed by our collaborators in the Déchanet-Merville lab (Bordeaux,
franker). This method led already to the successful identification of EPCR® and Annexin A2 as ligands for
specific yb TCRs. The experimental procedure foresees the injection of the target cell line (OCI-AML3 in this
case) without adjuvant into each footpad of the back legs of BALB/c mice, a boost in the same conditions
10 days later, and finally (at day 14) the collection of popliteal lymph nodes, B cell extraction and fusion
with the mouse myeloma partner to generate hybridomas. After this step, hybridomas are grown until
confluent and their supernatants assessed for neutralization of JRT3-OCI-AML3 reactivity. Hybridomas that
secrete antibodies able to decrease or abrogate the reactivity are then cloned by limiting dilution, ending
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with selection of a monoclonal antibody with robust neutralizing activity, which is used to
immunoprecipitate the putative ligand on OCI-AML3 cells, followed by nLC-MS/MS analysis for its
identification.

The last approach we envisage is based on a CRISPR/Cas9 genome-wide screening. CRISPR-Cas9 technology
has significantly accelerated biological research, becoming routine in many laboratories. It is rapidly
replacing conventional gene editing techniques and has high utility for both genome-wide and gene-
focussed applications. Recently, the first individually cloned CRISPR-Cas9 genome wide arrayed sgRNA
libraries covering 17,166 human genes at a complexity of 34,332 sgRNAs for the human genome has been
described®*. The libraries are arrayed in 96 micro-well plates and, in contrast to pooled libraries, allow the
study of complex phenotypes. Given our interest, we would work using a cell surface protein library that
targets 778 genes with up to 4 gRNA per gene target (pooled in a single well) for a total of 3,112 gRNAs
(produced by ThermoFischer). This powerful tool would allow the generation of OCI-AML3 knockout lines
in which the expression of a single membrane protein would be eliminated, one by one. These knockout
lines would be used to test J.RT3_TCR reporter activation via CD69 upregulation.

These three approaches could theoretically contribute to the identification of the “pan-ligand” present on
OCI-AML3 cells, which would be of great interest to the scientific community as it would represent a novel
molecular mechanism underlying tumour cell recognition by y& T cells, involving binding to the TCR but
without occupying putative antigen-specific regions. It is thus captivating to think about a molecule
expressed on the surface of tumour cells that can be recognized by the TCR independently from their CDR3
specificity, which would add further complexity to the model recently proposed by Hayday and
colleagues®,

Combining NGS TCR sequencing with single-cell TCR analyses and flow cytometric immunophenotyping can
provide new insights into y& T cell biology. Indeed, using combinations of these approaches, different V61*
T cell subsets in adult peripheral blood and cord blood samples have been described. Besides being
unfocused, highly polyclonal and showing no biased in CDR3 length distribution, naive V61* cells were
associated to the expression of multiple markers common to naive T cells, including IL-7R, CD28, CD62L,
and CCR7'*. On the other hand, clonotypically expanded blood-derived V61* T cells showed a
differentiated effector CD27'/"¢ phenotype, including expression of granzymes, perforin, and CX3CR1.
Moreover, differentiated V61* T cells may be involved in endothelial immunosurveillance, whereas naive
V81* T cells were devoid of cytotoxic effector markers. These results from Willcox and colleagues®124342
gave us some hints towards understanding the cellular dynamics upon DOT-cell expansion. Indeed, we
found that the polyclonality of DOT-cell products, derived from oligoclonal ex vivo PB samples, stemmed
from the preferential expansion of naive CD27* V61" T cells cells. Thus, the CDR3 distribution of DOT-cells
resembles the Gaussian distribution typical of naive repertoires like cord blood or thymus derived
repertoires. On the other hand, the DOT-cell protocol enables the phenotypic maturation of these cells,
allowing them to induce or increase the expression of several NKRs (including NKp30, NKp44, NKG2D and
DNAM-1) and cytotoxicity functions (based on granzymes and perforin). Indeed, far from representing a
pre-formed effector subset from birth, V61* T cells are initially naive in phenotype and feature an entirely
unfocussed TCR repertoire; and their differentiation into effector lymphocytes is not an inevitable
developmental process, but is linked to clonal amplification, in “adaptive-like” fashion.

Although other protocols to expand V61* T cells have been described®%161:306343 ‘none has achieved the

yields and V81" T cell enrichment of DOT-cell protocol while using clinical-grade reagents. Siegers and

colleague developed in 2011 a protocol to expand V61" and V62* y6 T cells from peripheral blood, where
118



V61 T cells were the predominant subset after 8-day of culture with Con A, a mitogen that binds to surface
receptors on murine and human lymphocytes. At low doses, Con A is stimulatory, inducing cell growth;
however, at higher doses it becomes toxic. This protocol required an initial stimulation with ConA followed
by a continuous culturing in IL-2 and IL-4, producing cells with cytotoxic potential against B-CLL-derived cell
lines®9306:343 Dokouhaki and colleagues’ protocol was based on the use of cytokines and anti-CD3 antibody
but led only to a maximum of 860-fold increase of total y& with an increased fraction of V81 T cells3*.
Finally, Deniger and colleagues developed an expansion protocol for polyclonal y& T cells based on a
clinical-grade artificial antigen-presenting cells (aAPC) derived from K562 tumour cells. The aAPC was used
as irradiated feeders to activate and expand human y& T cells to clinical scale; interestingly, the cellular
product at the end of the expansion was constituted by polyclonal y6 T cells that demonstrated broad anti-
tumour activities?'.

The DOT-cell expansion protocol was previously described in detail by Almeida and colleagues from our
laboratory!, In stark contrast to the other methods, the DOT-cell protocol induced robust expression of
the natural cytotoxicity receptors, NKp30 and NKp44, that synergized with the T cell receptor to mediate
CLL targeting in vitro. Moreover, when transferred in vivo, DOT cells infiltrated tumours and peripheral
organs, and persisted until the end of the analysis without showing signs of loss of function. Critically, DOT
cells were capable of inhibiting tumour growth and preventing dissemination in xenograft models of CLL*,
Importantly, even after almost 2 months in vivo, DOT TILs produced type | cytokines, IFNy and TNFa, but no
IL-17, which has been implicated in the promotion of tumour cell growth'®%31° Also of note, the recovered
DOT cells were 98% to 100% V61* T cells (up from ~65% in the initial inoculum), demonstrating that these
constituted the active principle of the cellular therapy. In terms of safety, the absence of toxic effects in
xenograft models is a promising indication of a favourable profile for DOT cells. However, xenograft murine
models have important limitations for safety assessment, because the evaluation of cytokine release
syndrome is not accurate in immunodeficient animals; and the absence of autoimmune side effects cannot
be translated to human host tissues. These issues will need to be addressed in dose-escalation phase |
clinical trials. Encouragingly, the clinical application of V52* T cell based ACT has been reported to be free of
any severe adverse effects3%,

In this thesis, we converged the properties and potential of DOT cells with the unmet immunotherapy
needs of AML, thus aiming to purpose DOT cells specifically for AML treatment. Upon generating DOT cells,
we found the cellular products to be composed of multiple clones with intrinsic capacity to target AML
cells. Moreover, TCR blockade induced only a partial and variable reduction in the killing capacity of V&61* T
cell clones, from 10% to 80% decrease, with most frequently a reduction of 30%, meaning that the
remaining reactivity is likely mediated by natural cytotoxicity receptors'!*?79303  an hypothesis
substantiated by the impact of knocking-down the NKp30 ligand, B7-H6. DOT cells also readily (within 3
hours) killed several AML cell lines and AML primary samples without targeting any normal leukocyte
population (neither myeloid nor lymphoid) from the peripheral blood of healthy volunteers, including
CD33* and CD123* myeloid progenitor cells targeted by the respective CAR-T cells, which cause the
unwanted myeloablation3?4332,

Furthermore, we also assessed DOT cell tumoricidal function in vivo, in three xenograft mouse models of
human AML (primary samples or cell lines, namely KG-1 and HEL). In all the tested models, DOT-cell
treatment markedly reduced tumour burden and increased host survival, without any noticeable toxicity.
However, the survival benefits herein obtained were smaller than the ones reported for CAR-T cells
treatment of AML xenografts3317333, although these models were biased to AML cell lines uniformly
expressing the target antigens. Furthermore, and critically, xenografts cannot evaluate the toxicity of a
strategy predicted to induce myeloablation in patients. Overall, we believe that the combined safety and
efficacy profiles of DOT cells make them very attractive candidates for adoptive cell therapy of AML in the
near future.
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However, considering that the major therapeutic problem in AML at the present time is chemoresistance,
which drives deadly relapses, we also asked whether DOT cells could target chemoresistant AML cells.
Indeed, we demonstrated that DOT cells have the capacity of targeting AML cells previously treated with
high doses of cytarabine plus doxorubicin for 72h, which led to >99% AML cell elimination. In light of this,
and taking into account the highly polyclonal and multi-reactive DOT cell repertoire, we also questioned the
ability of DOT cells to re-target AML cells “relapsing” after a first DOT cell treatment that also eliminated
>99% tumour cells in 72h. Interestingly, DOT cells killed DOT-pre-treated AML cells as efficiently as non-
treated controls, suggesting that DOT cell treatment did not select for a specific subset of DOT-resistant
AML cells. Moreover, whereas chemotherapy selectively targeted approximately half of all barcoded AML
single-cell lineages, DOT cells mostly preserved the clonal architecture of the AML population. These data
collectively suggest that the breadth of AML targeting, based on many cytotoxic DOT cell clones, avoids the
selection of resistant lineages and allows efficient re-treatment. Given the urgency of preventing the
emergence of deadly refractory relapses, namely after standard chemotherapy, our work provides strong
pre-clinical proof-of-concept for clinical application of DOT cells in AML treatment.
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v T cells are often placed at the interface
between innate and adaptive immunity.
These cells share T-cell receptor (TCR)
rearrangements and memory functions'
in common with their aff T-cell counter-
parts but differ in terms of their response
kinetics and mechanisms of target recog-
nition (Figure 1). Indeed, y& T cells
provide fast responses against infected
or transformed cells in a major
histocompatibility complex-independent
manner, thus participating in the first
line of defense, which gives the organism
time to mount antigen-specific aff T-cell
responses.” Although the four TCR loci
were discovered and characterized
almost simultaneously,® our knowledge
of the mechanisms underlying y& T-cell
responses remains insufficient. However,
an increasing amount of evidence has
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demonstrated that yd T cells recognize
self-antigens on the surface of target
cells; the expression of these self-
antigens is known or expected to increase
upon stress, infection or transformation
in a TCR-dependent manner, making
them an attractive source for cell-based
immunotherapies.! This response is
noted in the case of BTN3A associated
with phosphoantigens,® lipid-presenting
CD1 molecules,® endotelial protein C
receptor’ and Annexin A2 However,
these molecules constitute only a small
fraction of the ligands recognized by yd
T cells. In addition, the mechanism
by which the yd TCR repertoire is
shaped under physiological conditions
and how (much) it changes in response
to pathogenic challenge remain poorly
understood.

In a recent issue of Nature Immunol-
o0gy,’ Ravens and colleagues analyzed the
largest available cohort of ¥& T-cell
repertoires, including more than 2 x 107
rearranged TCR sequences. This pro-
spective longitudinal cohort study was
possible thanks to recent technical
advances in the comprehensive analysis
of TCR repertoires using next-generation
sequencing. Moreover, this study was
designed to monitor the regeneration of
T cell receptor gamma and delta reper-
toires in allogeneic hematopoietic stem
cell transplantation (alloHSCT) patients
over 180 days. The study also included
not only blood samples from alloHSCT
patients who experienced cytomegalo-
virus (CMV) reactivation, which is a
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major complication of transplantation
associated with y8 T-cell expansion,'®
but also cord blood samples as important
controls to provide information on the
ontogeny and dynamics of the y8 T-cell
repertoire.

The newly published data confirmed
that the human adult blood ¥y TCR
repertoire is dominated by the usage of
Vy9 and V82 TCR chains with high
prevalence of the Vy9-Jyl.2 V&2
rearrangement.!!  However, the cord
blood control group exhibited a less
pronounced bias toward Vy9 and V&2
and an increase in Vy2, Vy3, Vy4, Vy5,
V31, V83 and V85 chain usage, confirm-
ing the previously reported preponder-
ance of Vy9-negative yd T cells in
neonates.!  This finding indicates
that the bias toward Vy9V&2 rearrange-
ments is driven by postnatal proliferation
likely in response to pathogen-derived
phosphoantigens, which are well estab-
lished and specific agonists of Vy9Va2
TCR.12

Consistent with these findings, the 20
most abundant clones of the analyzed
adult samples constituted ~40% of the
repertoire. Conversely, the 20 most
abundant clones in cord blood repre-
sented only ~10-20% of the entire
repertoire. In addition to the reduction
in diversity observed with age, Raven and
colleagues pinpointed clear differences
between the y and & chain repertoires.
Greater clonal diversity was observed in
rearranged T cell receptor delta genes in
both cord blood and adult samples.
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Figure 1 Graphical representation of the dynamics of the human y& T-cell repertoire.
(a) Prenatal generation of yd T cells is unfocused and unbiased. At birth, the human y&
repertoire in blood is variable, exhibiting Vy2, Vy3, Vy4, Vy5, V81, V63 and V85 chain
usage and no bias toward Vy9 and V52. (b) Up to 40% of the adult repertoire is composed
of the 20 most abundant clones. The focus toward the Vy9V62 chain rearrangement
(purple circles) is driven by postnatal proliferation in response to pathogen- or tumor-
derived phosphoantigens. (c) AlloHSCT strongly perturbs the adult y& repertoire. However,

60 days after alloHSCT, the repertoire is fully

reconstituted and qualitatively comparable to

the host repertoires before transplantation but displays very different clonotypes compared

with the donor. (d) CMV reactivation occurs

25-60 days after alloHSCT. The y& T-ell

repertoire recovery observed in alloHSCT is perturbed by the proliferation of a few, mainly
Vy9-V52, clones that comprise 20-75% of the repertoire.

Moreover, unrelated donors (cord blood
or adult) shared TCRy chain sequences
(interestingly only Vy9JP sequences in
adults), making them ‘public’. By con-
trast,

TCR& chain repertoires were mostly
‘private’, especially in the V82~ T-cell
compartment. These results are consis-
tent with the long, variable lengths of
TCR& CDR3 compared with the short,
constrained TCRy CDR3, in addition to
the presence of three D gene segments in
the TCRS locus that are absent from the
TCRy locus.'® Beyond these insights into
the y8 TCR repertoire ontogeny, Ravens
and colleagues also documented that

established adult y8 T-cell repertoires are
stable over time (within a window of
90 days) if no major immunological
events, such as alloHSCT or CMV reac-
tivation, occur. Strikingly, even after
alloHSCT, stable yd T-cell repertoires
were rapidly reconstituted between 30
and 60 days after transplantation in the
absence of CMV reactivation. The new
repertoires after transplantation were
qualitatively comparable to the host
repertoires before transplantation but
displayed very different clonotypes com-
pared with both the donor and host
repertoires, indicating that the new
repertoires were successfully generated
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from the donor stem cells and differen-
tiated de novo in the host thymus.
Whether the y8 T-cell population either
recognizes the same ligands and thus
restores functionally similar clones or
the clones are randomly selected remains
to be established.

In the examined cohort, CMV reacti-
vation occurred between 25 and 60 days
after transplantation. The y& T-cell
repertoire recovery observed in 10
alloHSCT patients undergoing CMV
reactivation was perturbed by a massive
proliferation of a few individual clones
that comprised 20-75% of the repertoire,
with an important variability among
patients. These results hence provide
interesting details of the previously
reported oligoclonal expansion of non-
Vy9Va2 y8 T cells responding to CMV
in humans'®* and mice.!>'® These
clones expressed different V& and Vy
chains of diverse clonotypes; thus, their
nucleotide (and amino acid) sequences
were not shared among different donors,
indicating that CMV reactivation did not
induce the conal expansion of public
clones. Nevertheless, several V61* clones
shared substantial homology in the
CDR3 region, incduding a common
amino-acid sequence composed of a
tryptophan, glycin and isoleucine
(WGI) preceded by one or more tyro-
sine(s). Interestingly, a similar amino-
acid sequence was found in the CDR3 of
V81" y8 T cells responding to CMV in
kidney transplant recipients,' suggesting
structural constraints for recognition of
CMV-related antigens by these TCRs.
Single-cell analysis of TCRs further
allowed studies of Vy and V& chain
pairing and confirmed clonal expansion
of non-Vy9Vd2 y8 T cells of different
clonotypes that can express diverse Vy
and V3§ pairings.

These findings strengthen the idea that
non-Vy9Vd2 ¥ T cells undergo contin-
uous and extra-thymic selection of a few
TCR donotypes, thus making their
repertoire  oligocdlonal.  Similar  to
Vyova2t y8 T cells, the presence of
ligands for some specific non-
Vy9Vd2 ¥d T cells in the periphery
would be responsible for this selection
and skewing. Unfortunately, the majority
of these ligands remain unknown, but



this study raises the interesting issue of
the diversity of the antigens recognized
by such impressively selected and
expanded non-Vy9V52 yd T cell clones.
Does CMV infection generate as many
antigens as the different private yd TCRs
or are a limited number of antigens
recognized by many different y8 TCRs,
as is the case for CMV-derived peptides
recognized by af TCRs? The localization
of these antigens is also an important
issue to address for these populations of
non-Vy9Va2 y8 T cells normally residing
in tissues. Nevertheless, this study
demonstrated that less numerous clones
undergo strong clonal selection and
expansion when challenged, as in the
case of CMV reactivation, which aligns
human non-Vy9vd2 yd T cells with
adaptive immunity. Previous data sup-
porting peripheral selection and oligo-
clonal expansion were derived from the
recognition of endotelial protein C
receptor by a y8 T cell clone (named
LES) bearing a Vy4V35 TCR.7 This LES
clone represented ~25% of the circulat-
ing T cells in the patient in which it was
found.

This evidence highlights how the yd
T-cell subset mounts an adaptive-like
immune response that is independent
of canonical major histocompatibility
complex presentation but relies on clonal
expansion of reactive clones. However,
what these reactive clones recognize
remains unclear. Some reports suggest
that these targets are self-proteins
(related or not to major histocompat-
ibility complex) whose expression, mem-
brane localization or tertiary structure is
modified in response to cellular stress,
such as transformation and bacterial
or viral infection. These clones arise
from an unfocused repertoire that
becomes more focused and more public
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throughout life (for Vy9V82 v8 T cells).
Adult y8 T-cell repertoires contained
variable numbers of highly proliferative
oligoclonal sequences, whereas neonatal
vd T-cell repertoires were more diverse
and less focused. Each individual y&
T-cell repertoire thus represents a singu-
lar individual immunological history.
This TCR repertoire skewing allows yd
T cells to be rapidly, but specifically,
generated, thereby blurring the bound-
aries between innate and adaptive
immunity.
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The unique capabilities of gamma-delta (y8) T cells to recognize cells under stressed con-
ditions, particularly infected or transformed cells, and killing them or regulating the immune
response against them, paved the way to the development of promising therapeutic
strategies for cancer and infectious diseases. From a mechanistic standpoint, numerous
studies have unveiled a remarkable flexibility of y8 T cells in employing their T cell receptor
and/or NK cell receptors for target cell recognition, even if the relevant ligands often remain
uncertain. Here, we review the accumulated knowledge on the diverse mechanisms of
target cell recognition by y8 T cells, focusing on human y8 T cells, to provide an integrated
perspective of their therapeutic potential in cancer and infectious diseases.

Keywords: gamma-delta T cell, T cell receptor, NK cell receptor, NKG2D, tumor immunology

INTRODUCTION

More than three decades after the discovery of gamma-delta (y8) T cells (1), the research com-
munity is still missing a compelling picture about their mechanisms of activation and target cell
recognition. Despite the relatively small abundance of y8 T cells in the human blood, it is clear that
this lymphocyte population plays an important role at the interface between the innate and the
adaptive immune systems. These cells share T cell receptor (TCR) rearrangements and memory
functions (2) with their ap T cell counterparts, but differ in their response kinetics and mechanisms
of target cell recognition. Thus, y8 T cell activation is typically independent of antigen presentation
by major histocompatibility complex (MHC) molecules. Furthermore, yd T cells bear a plethora of
NK cell receptors (NKRs) on their surface, which allow for very fast responses against infected or
transformed cells (3), thus contributing to a first line of defense that precedes antigen-specific af
T-cell responses (4).

Unlike af T cells, there is little evidence of thymic negative selection of self-reactive yd T cells.
Vy9V82 T cells, which constitute the major (60-95%) Y8 T cell subtype in humans, seemingly expand
in the periphery in response to microbial or stress-induced phosphorylated antigens (2) while
displaying preferential Vy9-JP TCR rearrangements (5). Other human y3 T cell subsets, namely
V51*and V83* T cells that are highly reactive to cytomegalovirus (CMV) infection (6), display TCR
repertoires biased toward sequences recognizing CMV-infected cells (7). But while Vy9V52 TCR
recognition has been well characterized and discussed (5, 8), it remains less clear how other y5 T cell
subsets are activated to participate in lymphoid stress surveillance (9).

The purpose of this review is to discuss the current knowledge on target cell recognition by human
Y3 T cells (Table 1), emphasizing the role of the TCR as well as NKRs and their ligands, in the context
of cancer and infectious diseases.

TUMOR CELL RECOGNITION

Early research on the molecular mechanisms of y8 T cell recognition in the 1990s led to the realiza-
tion of its unusual independence of peptide processing and MHC-restricted presentation, in marked
contrast with aff T lymphocytes (42-44). One of the first lines of evidence came from non-peptidic
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TABLE 1 | Tumor- or infected cell-associated ligands recognized by gamma-deita (y5) T cells.

Ligand Receptor 75 subset Infection/cancer Reference
CD1 proteins + endogenous or exogenous lipids T cell receptor (TCR) Duodenal Infection (10, 11)
BTN3A1 + phosphoantigens TCR Vy9vs2 Infection (5]
Endothelial protein C receptor TCR Vy4Vss Both (12)
Annexin A2 TCR Vy8Vs3 Both (13
Heat shock protein 60 TCR Both (14-17)
F1-ATPase TCR Cancer (18)
SEA and SEE TCR Infection (19)
OXYS TCR Infection (20)
DXS2 TCR Infection (21)
Glycoprotein | TCR Infection 21
MSH2 TCR Both (14, 22)
NKG2D (22)
HLA-E NKG2C Infection (23)
HA Sialic acid receptor Infection (24)
CD48 2B4 Cancer (25-27)
MICA/MICB TCR Va1 Both (28-30)
NKG2D (29-32)
MICA NKG2D Vy9vs2 Cancer (33)
UL16 binding protein (ULBP)1 NKG2D Vy9Vs2 Cancer (34)
uLBP2 NKG2D Va1 Cancer (35, 36)
uLBP3 NKG2D Va1 Cancer (35-37)
ULBP4 TCR and NKG2D Ve2 Cancer (38)
? NKp30 Va1 Both (39, 40)
PVR/Nectin-2 DNAX accessory molecule 1 Vyovs2 Cancer (41)

“?" means undescribed/unknown in the referenced studies.

prenyl pyrophosphates [“phosphoantigens” (PAg)] recognized
by Vy9V52 TCRs (45, 46). Initially, bacteria and parasites were
shown to produce strong PAg agonists for Vy9V52 TCRs (47),
but later it became clear that these could also be activated by
weaker agonists, such as isopentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate, that are natural intermediates of
the mevalonate pathway of isoprenoid and steroid synthesis in
eukaryotic cells (48). Importantly, the dysregulation of the meva-
lonate pathway in some tumor cells allows for the accumulation
of these (weaker) PAgs, thus promoting Vy9V52 TCR-mediated
recognition (49). Furthermore, treatment with zoledronate or
pamidronate (which are approved drugs) was shown to be very
effective at inducing the accumulation of intracellular PAgs like
IPP, and thus potentiate TCR-dependent VY9V52 T cell cytotox-
icity against tumor cell targets, including cancer stem cells (50).
A key recent breakthrough was the discovery of butyrophilin-
related proteins, especially BTN3A1, as major molecular determi-
nants of VY9VS2TCR-mediated recognition of PAgs, even if the
underlying mechanism has gathered some controversy. A model
supporting extracellular PAg presentation to the Vy9Vvo2 T cell
(in a MHC-like manner) was first proposed, with biophysical and
structural data in support (51). However, following reports dem-
onstrated that PAgs interact directly with the intracellular B30.2
domain of BTN3AI through a positively charged surface pocket;
and that charge reversal of pocket residues abrogates PAg binding
and Vy9V52 T cell activation, with no detectable association with
the extracellular domain of BTN3A1 (13, 52, 53). More recently,
it has been shown that changes in the juxtamembrane domain of
BTN3A1, which is located close to the start of the B30.2 domain,
induced marked alterations in Vy9V32 T cell reactivity, thus
highlighting the importance of the intracellular domain for the
correct VY9V32 T cell function and activation (54). Because of its

location between the intracellular and the extracellular domains,
the B30.2 domain seems critical in translating the pAg-induced
conformational change of BTN3A1 from the inside to the outside
of the target cells (55, 56).

Besides sensing PAgs, Y8 T cells seemingly recognize trans-
formed cells through proteins that are expressed at the cell surface
in a stress-induced manner. Some examples are typically endog-
enous proteins, such heat shock protein 60 (14-17) or FI-ATPase
(18), that can be ectopically expressed on the cell membrane upon
transformation and recognized by Vy9V32 TCRs to promote
tumor cell lysis. More recently, endothelial protein C receptor
(EPCR), which acts on the coagulation cascade, was shown to
be exposed on the cell surface during transformation and rec-
ognized by a non-V82 (Vy4V35) TCR (12). Similarly, Annexin
A2, expressed on tumor cells in response to increasing quantities
of reactive oxygen species, engaged directly with a Vy8V83 TCR
(13). The identification of these rather different ligands highlights
the complexity of tumor cell recognition via yd TCRs. This
notwithstanding, it is clear that Y5 T cells also rely on “NK-like”
mechanisms for tumor cell recognition, using receptors such as
2B4 and NKG2D, originally thought to be specific to NK cells.

The first indication of an NK-like recognition mechanism
was unveiled upon the ability of stimulated murine y3 T cells to
recognize CD48 (25, 26), a well-known 2B4 ligand, suggested to
work as an accessory molecule that strengthens effector-target
interactions (27). Surprisingly, only the 2B4* 8 T cells were able
to develop non-MHC-restricted cytotoxicity against lymphoma
cells (57, 58). Although 2B4 is also expressed on activated human
v8 T cells, its relevance is still unclear as 2B4 engagement failed to
promote proliferation or cytokine production (59).

Much more consensual is the role of NKG2D, which is widely
expressed not only in NK cells but also in most yd and some aff
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T cells (31, 60, 61). In human y8 T cells, both V81*+ and V&2+
subsets, NKG2D was shown to be responsible for recognition
of tumor cells expressing MHC class I chain-related (MIC) A/B
(28, 29, 31-33, 62) or UL16 binding protein (ULBP) 1/2/3/4
(34-38, 50, 63) ligands. In fact, human carcinoma samples from
lung, breast, kidney, ovary, and prostate cancers expressing MICA
or MICB presented higher levels of infiltrating V81* T cells, which
in turn were able to target and kill autologous and heterologous
tumor cells (25, 59). Our group’s work revealed that ULBP1 was
particularly important for leukemia and lymphoma cell recogni-
tion by PAg-activated VY9V52 T cells (34). Notwithstanding, one
should note the relevance of a synergistic TCR engagement for an
efficient cytotoxic response (37, 38). In fact, some works suggested
that MIC or ULBP recognition by y3 T cells is not only restricted
to NKG2D but also involves the y8 TCR (26, 31). A similar recog-
nition pattern was also observed against human MutS homolog
2 (hMSH2) ectopically expressed in epithelial tumor cell lines.
Both TCRyd and NKG2D were able to interact with hMSH2 and
contribute to V32* ¥ T cell-mediated cytotoxicity and interferon
Y (IFN-y) production (14, 22).

Besides 2B4 and NKG2D, DNAX accessory molecule 1
(DNAM-1) was also shown to be widely expressed in V81+, V52*,
and V81-V82~yd T cell subsets (64); and masking DNAM-1 onyd
T cells significantly inhibited tumor cell killing (64, 65). DNAM-
1-dependentyd T cell recognition was reported for hepatocellular
carcinoma (41), acute (65) and chronic (64) myeloid leukemia,
and multiple myeloma (66) cell lines. More specifically, VY9V52
T cells were shown to use DNAM-1 to interact with Nectin-2 and
PVR that are widely expressed in the tumor cell targets (41, 65).
Curiously, PVR engagement potentiated yd T cell cytotoxicity,
whereas Nectin-2 blocking did not affect it (41). Tumor targets
that expressed both DNAM-1 and NKG2D ligands were able to
engage both receptors on y3 T cells, having a synergistic effect
on their cytolytic activity (41, 64, 66). Moreover, therapeutic
strategies that enhanced the expression of NKG2D or DNAM-1
ligands, such as MICA/B and ULBP1/2, or Nectin-2 and PVR,
respectively, potentiated Y5 T cell recognition of colon cancer,
glioblastoma, multiple myeloma, and lymphoma cells (67-70).

From a therapeutic perspective, yd T cell recognition of tumor
cells may also rely on the induced expression of natural cytotoxicity
receptors (NCRs) that recognize a distinct set of tumor-associated
ligands, such as B7-H6 or BAT3 (71). Thus, our group has shown
that NKp30 and NKp44 can be reproducibly induced in vitro in
V31* (but not V82*) y8 T cells (39). A very mild expression of
NKp44 on expanded y5 T cells had been reported before (72);
and shown to contribute 3 T cell cytotoxicity against myeloma
cells (61). In our studies, we observed not only a robust expres-
sion of NKp44 but also NKp30, in V81* T cells activated with
TCR agonists and IL-15 (or IL-2); and both receptors enhanced
v8 T cytotoxicity against tumor target cells (39, 73). Among the
various known ligands for NCRs, it is still unclear which are most
relevant for NCR* V381* T cell recognition of tumor cells. While
the NKp30 ligand, B7-HS, is an obvious candidate (74), a very
recent report identified an unanticipated ligand for NKp44 in the
form of platelet-derived growth factor (PDGF)-DD (75), known
for its capacity to promote of tumor cell proliferation, epithelial-
mesenchymal transition, and angiogenesis. PDGF-DD ligation

to NKp44 enhanced IFN-y and TNF-a secretion (by NK cells),
which in turn induced tumor cell growth arrest (75). Additional
investigation will be needed to elucidate the relative importance
of NCR, NKG2D, DNAM-1, or TCR ligands in tumor cell recog-
nition by y8 T cells, aiming to maximize their potential in cancer
immunotherapy.

INFECTED CELL RECOGNITION

Multiple lines of evidence since the late 1980s have shown that
¥d T cells display strong activities against bacteria, including
Moycobacterium tuberculosis (76-81); parasites, such as Plasmodium
falciparum (82-86);and viruses (87, 88), most notably CMV (89-91).

Vy9V82 T cells can be specifically and potently activated by
PAgs like (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate, an
intermediate of the 2-C-methyl-p-erythritol 4-phosphate pathway
employed by eubacteria and apicomplexan protozoa but not by
eukaryotes (48, 92, 93). This likely underlies the striking expan-
sions of Vy9V32 T cells in individuals infected with M. tuberculosis
(76-81) or P. falciparum (83). Besides PAgs, several other mol-
ecules of microbial origin have been proposed as yd T cell antigens
accounting for the specific recognition of infected cells. These
candidates include the bacterial superantigens SEA (and to a lesser
extent SEE) (19); OXYS and DXS2, two mycobacterial proteins
found to activate yd T cells from BCG-infected human subjects
but not from healthy donors (20, 21); and HSV-1 glycoprotein I,
specifically recognized by a Vy1.2V88 TCR independently from
antigen processing and MHC presentation (20, 21).

Subsequent reports demonstrated that y3 T cells also recognize
stress antigens of cellular origin, either in antibody-like or antigen-
presentation-like fashion. 3 T cells can indeed directly recognize
stress proteins like hMSH2, a nuclear protein ectopically expressed
on the cell surface of different epithelial tumor cells and induced
by EBV transformation (22); and Annexin A2 whose expression
was induced by CMV infection and recognized specifically by a
Vy8V83 T cell clone (13). On the other hand, y8 T cells can rec-
ognize nonpolymorphic MHC-like (class Ib) proteins presenting
lipids, such as CD1 proteins, in a similar way to other unconven-
tional T cells like NKT or MAIT cells (11, 94-96). In particular,
a subpopulation of V81* T cells has been clearly shown to bind
CD1d loaded with the self-lipid sulfatide (97) but any concrete
link to the recognition of infected (or transformed) cells remains
to be established. Of note, another CD1-like protein, EPCR, was
shown to bind directly (independently of lipid cargo) the TCR of
a Vy4Vd5 T cell clone (expanded from a CMV™ individual), thus
allowing it to recognize endothelial cells infected with CMV (12).

In addition to the TCR, y8 T cells can also use NKG2D to
recognize cells infected with various viruses and intracellular
bacteria (32, 98-102). More specifically, the stress-inducible
molecule, MICA, was induced on the surface of dendritic and epi-
thelial cells by M. tuberculosis infection in vitro and in vivo; and its
binding to NKG2D, substantially enhanced the TCR-dependent
Vy9V82 T cell response to PAgs (28). Furthermore, in the case
of Brucella, ULBP1 was the main NKG2D ligand upregulated on
infected macrophages, and its engagement promoted VyoVs2
T cell cytotoxicity and cytokine production, which contributed
to the inhibition of bacterium development (100).
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A few other receptors have implicated in yd T cell recognition
of infected cells. Thus, another NKR, NKG2C, constitutively
expressed on V31* T cells, induced a cytolytic response against
HIV-infected CD4* T cells expressing its ligand, HLA-E (23). On
the other hand, we found that NKp30 can also play an important
role in HIV-1 infection upon its induced expression in V31*
T cells; NKp30 ligation triggered the production of CCL3, CCL4,
and CCL5 chemokines that suppressed the replication of a CCR5
tropic strain of HIV-1 (40). Finally, in the case of avian influenza
(H5N1), y8 T cells were reported to use sialic acid receptors for
the recognition of viral hemagglutinin (24). To understand how
different microorganisms may elicit distinct pathways of yd T cell
recognition of pathogen-associated or stress-induced antigens
remains a challenge for future research.

CONCLUDING REMARKS

In contrast with the well-established paradigm of MHC-restricted
recognition of peptides by conventional af T cells, or even MHC
class Ib-dependent recognition of lipids by unconventional af
T cells, the molecular mechanisms of target cell recognition by
¥d T cells remain poorly understood. A notable exception is the
BTN3Al-mediated sensing of PAgs by Vy9Va2 T cells, which
underlies their responses to tumors and infections like TB or
malaria. For most other y3 T cell subsets, however, TCR specificities
are either unknown, not generalizable or of unclear physiological
relevance. Therefore, the identification of relevant, non-Vyova2
TCR ligands remains a major challenge in the yd T cell field.

On the other hand, while NKRs are also clearly involved
in 8 T cell recognition of tumor or infected cells, we still lack
appropriate understanding how the multiple signals derived from
all the expressed NKRs are integrated, also with those coming
from the TCR itself. This likely depends on the relative expression
levels of the various putative NKR and TCR ligands in each target
cell, which adds significant complexity to the process of y5 T cell
recognition.

The broad spectrum of MHC-unrestricted recognition of
infected or transformed cells by y8 T makes them attractive
candidates for adoptive cell therapy (ACT). All clinical trials
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Abstract
Acute myeloid leukemia (AML) r aclinical challenge
due to frequent chemotherapy resistance and deadly relapses.
We are exploring the i stherapeutic pe ial of periph-

eral blood V81" T cells, which associate with improved long-
term survival of stem-cell transplant recipients but have not yet
been applied as adoptive cell therapy. Using our clinical grade
protocol for expansion and differentiation of "Delta One T*
(DOT) cells, we found DOT cells to be highly cytotoxic against
AML. primary samples and cell lines, including cells selected for
resistance to standard chemotherapy. Unlike chemotherapy,
DOT-cell targeting did not select for outgrowth of specific AML.
lineages, suggesting a broad recognition domain, an outcome

Introduction

Acute myeloid leukemia (AML) has a dismal (10%) survival
rate among the elderly (age 65 or older), mostly due (o resistance
(o standard treatment. Available treatment consists of a combi-
nation of cytarabine with an anthracyclin drug, which although
effective at inducing complete remissions, ultimately selects for
chemoresistant clones that drive refractory relapses (1, 2). Prom
ising alternatives to chemotherapy are targeted therapies (1, 3)
and upcoming immunotherapies (2), espedally chimeric antigen
receptor (CAR) T cell transfer, which has been successful against
in B-cell malignancies (4). However, CARs have proved difficult to
implement in AML due to on-target effects on vital healthy
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that was consistent with the polyclonality of the DOT-cell
T-cell receptor (TCR) repertoire. However, AML reactivity
was only slightly impaired upon V81 "' TCR antibody block-
ade, whereas it was strongly dependent on expression of the
NKp30 ligand, B7-H6. In contrast, DOT cells did not show
reactivity against normal leukocytes, including CD33" or
CD123" myeloid cells. Adoptive transfer of DOT cells in vivo
reduced AML load in the blood and target organs of
multiple human AML xenograft models and significantly
prolonged host survival without detectable toxicity, thus
providing proof-of-concept for DOT-cell application in AML
treatment.

myeloid progenitor cells that express the target antigens CD33
and CD123 (2). We focused here on ex vivo differentiated V81' T
(Delta One T, or *“DOT") cells that rely on physiologic receptors,
namely T-cell receptor (TCR) and natural cytotoxicity receptors
(NCR) such as NKp30 and NKp44, to distinguish the transformed
from healthy cells (5-7). DOT cells are derived from peripheral
blood V81" 8 T cells, the in vivo expansion of which correlated
with enhanced long term disease-free survival of patients with
leukemia who received allogeneic hematopoietic stem cell
transplantation (8).

Although the clinical manipulation of V81" y8 T cells has been
hindered by their relatively low abundance (<0.5%) among
peripheral blood lymphocytes, we have devised a dinical-grade
protocol to expand and differentiate large numbers of DOT-cells
endowed with antitumor cytotoxicity (5, 6). Our 3-week protocol
achieves >1,000-fold expansions of V81' ¥8 T cells. During the
first stage, the synergistic action of TCR and 114 stimulation is
critical for large expansion yields. The second stage focuses on the
IL15-dependent differentiation of antitumor DOT-cell effectors
endowed with NCR expression (6). Seeing the convergence
between the properties of DOT cells with the unmet immuno-
therapy needs of AML, in this study, we aimed to refine DOT cells
for use in treatment of AML.

Materials and Methods
Ethics statement

Primary AML cells were obtained from the peripheral blood of
patients at first presentation, after informed consent and institu-
tional review board approval. The study was conducted in accor-
dance with the Declaration of Helsinki.
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Figure 1.

DOT cells display higher clonal diversity than ex vivo V51" T celis. Graphical representation of TRGV (left) and TRDV (right) repertoires and CDRS length (number
of nudeotides) distribution of FACS-sorted V81" T cells from peripheral blood/PB (A), or DOT-cell products (B; see also Supplementary Fig. S2A-S2C). Each
square represents a different clonotype (with distinct nucleotide sequence), its area is proportional to the relative abundance in the , and the color groups
the donotypes by chains. €, Contribution of the top 20 clones to the overall V81' TCR repertoire of each sample (HD1-4, healthy donors 1to 4). D, Fold expansion
of presorted CD27  versus CD27' V81" T cells after 21 days with the DOT-cell protocol (HDS-6, healthy donors 5 and 6). E, Graphical representation of TRGV
repertoire and CDRS3 length distribution (as in A-B) for CD27  versus CD27' V81" T cells cultured for 21 days with the DOT-cell protocol (see also Supplementary
Fig. $3). F, Shannon indices for intrasample variability of TRGV and TRDV repertoires from A-B and E. G, Percentage of CD27* cells upon expansion with the
DOT-cell protocol. Data in this Figure are derived from 6 independent healthy donors.

Mice els) and disease end-point is achieved upon first indication of

NOD SCIDy, /* (NSG), NODSCIDy, 7 SGM3 (NSGS), and  back leg decreased mobility. All animal procedures were per-
NOD Ragl /v, /~ SGM3 (NRGS) mice were obtained from the  formed in accordance to national guidelines from the Diregao
Jackson Laboratories. Age and sex-matched mice were randomly  Geral de Veteriniria and approved by the Animal Ethics Com-
distributed among the different groups. Disease developmentwas  mittee of Instituto de Medicina Molecular Joao Lobo Antunes
followed through weekly bleedings (in intrabone marrow mod-  (Lisboa, Portugal).
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Clonal DOT-cell reactivity against AML cells. A and B, in vitro killing of AML KG-1 celis by DOT-cell clones generated from single V31' T cells sorted from healthy

donors. Cells were coincubated for 3 hours at 101 (E:T) ratio and then analy

d by AnnexinV

(percentage of positive events among prelabeled KG-1

cells). Each bar represents killing of KG-1 cells upon coincubation with individual clones. Dashed red line represents the mean basal tumor cell death (without
DOT cells). In B, either anti-V81' TCR-specific mAD or isotype control was added to the cultures. Shown are the clones where the blockade led to dearer
reduction in KG-1 targeting. Data represent the average of two technical replicates and are derived from 4 independent healthy donors (HD). C, Real-time PCR
assessing B7-H6 mRNA in parental (B7-H6 "/ ") and CRISPR/Cas9-manipulated (B7-H6 /) AML HEL cell ines. D, In vitro killing of B7-H6'/* or B7-H6 /~ AML
HEL cells by bulk DOT cells produced from 3 healthy donors (tested in technical duplicates). Cells were coincubated for 3 hours at 10:1 (ET) ratio and then

d by Annexin V staining (: are pere
DOT-cell production and TCR repertoire analysis

DOT cells were produced from peripheral blood of healthy
donors, cultured for 21 days as previously detailed (6). In brief,
MACS sorted ¥8 T cells were resuspended in serum-free culture
medium (OpTmizer-CTS) supplemented with 5% autologous
pl and 2 I/L gl ine (Thermo Fisher Scientific).
Animal-free human cytokines ril4 (100 ng/mL), riFNy (70 ng/mL),
121 (7 ng/mL), and riL1B (15 ng/ml; all from PeproTech), and a
soluble mAb to CD3 (done OKI-3, 70 ng/ml; BioXcell), were
added to the medium. Cells were incubated at 37°C and 5% CO,.
Every 5-6 days, old medium was removed and replaced with
fresh medium supplemented with cytokines, including rllL15
(70 ng/mL), IFNy (30 ng/mL), and anti-CD3 (1 pg/mlL).

For TRGV and TRDV repertoire analysis, V81' T cells were
FACS-sorted either from the initial blood sample (ex viv); or from
the final (3-week culture) DOT-cell product. Next-generation
sequencing was performed as described previously (9, 10). The
software for data analysis is described in Supplementary Table S1.

For DOT-cell clone generation, CD3' TCRVS1' TCRVS2
single cells were FACS-sorted into 96-wells/plates; and cultured
for 21 days using the DOT-cell protocol in the presence of (weekly
renewed) 10" imadiated autologous peripheral blood mononu-
clear cells (feeders).

AML cell targeting in vitro and in vivo

AML cell lines (THP-1, HEL, AML-193, MV4-11, HL-60, U1-937,
OCI-AMI3, Kasumi-1, and KG-1) were obtained from and
authenticated by the German Resource Center for Biologic Mate-

www.aacrjournals.org

of positive events among prel

d are mean + SEM (***, P<0.000).

HEL celis). Indi

rial (DSMZ); and used at passages p3-p8. Lentiviral barcoding of
AML cells was performed and analyzed as detailed previous-
ly (11). For in vitro targeting, AML cell lines or primary samples
were coincubated with DOT cells for 3 hours; and stained with
Annexin V, as detailed previously (6). For in vivo targeting, three
xenograft hAML models were established as represented in Sup-
plementary Fig. S5A-S5C. The patient-derived xenograft (intra-
tibial injection) was described previously (12). Tumor burden
was assessed by staining with antihuman CD45 (HI30) and CD33
(P67.6). Flow cytometry acquisition was performed on a ISR
Fortessa (BD Biosciences) and data was analyzed with Flowjo X
software (Tree Star).

CRISPR/Cas9 Knockout

Guide RNAs (gRNAL: CACOCCTTCCGGACCACCGTTATAAC
8RNA2: CACCGGGGCTCTCGATCCAATATCGAT) were designed to
target the genomic sequence of B7-H6 in two areas dose to the
promoter. gRNAs were inserted into a plasmid containing the
sequence codifying for Cas9 enzyme and transfected by electro-
poration in HEL cells. Successful single-cell knockout dones were
confirmed by qRT-PCR (forward primer: CACAGGGAACAGTC-
CACGCTT; reverse primer TGATCCAGCAACAATCICCT, per-
formed as described previously; ref. 5).
Statistical analysis

Performed using GraphPad Prism software. All data expressed

as mean + SEM. Comparisons of two groups by Student t test; and
more than two groups by ANOVA test with Dunnet post test.
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Figure 3.

DOT cells target multiple AML cell types but not healthy leukocyles. In vitro killing assays with DOT cells produced from 3-4 healthy donors, coincubated for 3
hours at 1021 (E:T) ratio with the indicated AML cell lines (A), primary AML samples (B), or normal leukocyte populations FACS-sorted from the peripheral blood
(C).In A, the dashed red line represents the mean basal tumor cell death; and in B, CTR refers also to tumor celis alone (without DOT cells). Experiments were
performed with technical triplicates. In vivo AML targeting by DOT cells. DOT cells (3 injections of 2 x 107 cells, see Supplementary Fig. SSA-S5C) were
transferred to NSG mice (n — 6 CTR, 7 DOT-treated mice) preinjected with KG-1 AML celis (D-E); or NSGS mice (n — 5 CTR, 5 DOT-treated mice) bearing primary
AML cells (F-G; patient-derived xenograft, PDX). Tumor burden was assessed in the blood and liver one week after the last DOT-cell transfer (D), or through

weekly bleedings (F). Indicated are mean + SEM,*, P<0.05,***, P< 0.001; ****, P < 0.0001. Animals were sacrificed when

(suchas

back leg paralysis) were observed. Survival curves are presented in panels E (P < 0.05) and G (P < 0.01).

Animal survival comparisons performed using log-rank (Mantel -
Cox) test.

Data sharing

The TCR repertoire NGS data have been deposited with links to
BioProject accession number PRINA491919 in the NCBI BioPro-
ject database (htps://www.ncbi.nlm.nih.gov/bioproject/); the
sample list is available as Supplementary Table S2.

Results and Discussion

Weareinterested in developinga Va1 ' ¥8 T cell-based adoptive
cell therapy for cancer (5, 6). Here, we initially characterized the

OF4 Cancer Immunol Res; 7(4) April 2019

DOT-cell product upon exp of aff-depleted peripheral
blood mononuclear cells with the established DOT-cell proto-
col (6). We analyzed V81" T-cell percentages and amounts along
with NCR expression over time (Supplementary Fig. SIA-S1F).
Because reports described the clonal expansion and focusing of
the adult peripheral blood V81" T-cell repertoire (13), likely
driven by common pathogens such as CMV (10), we analyzed
the effect of the DOT cell expansion on the TCR repertoire. We
performed next-generation sequencing of the CDR3 regions in
TRGV and TRDV genes, before and after the cells were 3 weeks in
culture. We found DOT-cells to be highly polyclonal and devoid
of dominant clones, in contrast to ex vivo V81" T cells from all
donors analyzed (Fig. 1A and B; Supplementary Fig. S$2A-52C).

Cancer Immunology Research

Downloaded from wnoerimmunokes.aacrjoumals.org on M‘ajr‘d\ 21, 2019. © 2019 American Association for Cancer
esearch.

154



Published OnlineFirst March 20, 2019; DOI:

10.1158/2326-6066.CIR-18-0647

AML Targeting by Cytotoxic Delta One T Cells

— B 3sxw [o-
100 © CTR 100 ©- 00T
B8 Doxo+Cyta o5
zw = - o7 € soxm gw -0
i ™) i '! L]
25x10

S § S w
§ a §

2 20x10 20

° “"': o o L1 —

wt HEL CRMEL / NT HEL DT HEL
D % R E 10
® 00

™ - > - ==
g 150 ° 0s %0
} wo{ ° P 04

50 02 %

00
NTHEL CTHEL  DTHEL NTvs.Chemo  NT vs. DOT

Figure 4.
DOT cells (re-)target ch y AML.C of the in vitro anti-AML activity of DOT cells and standard chemotherapy. A, DOT cells and

standard AML chemotherapy (doxorubicin plus cytarabine) protocols were tested against chemotherapy-naive (wild type, wt) or chemo-relapsed (CR, regrown
after >99% HEL cell elimination) AML cells. Shown are the percentages of Annexin V' HEL cells after 3 hours of treatment. B, Number of AML HEL cells before
and after 72 hours of treatment with DOT cells (at 51 E:T ratio). Surviving cells (<1%) were resorted and allowed to regrow, thus generating the DOT-treated (DT)

samples of (C-E). C, DOT cells were coincubated for 3 hours with

ly DOT-treated (DT) AML HEL cells at 51 or 101 (ET) ratios. Shown

d (NT) or prevs

are the percentages of Annexin V* »ctlumwummwmhmtmmmnmm«m treated (CT), or DOT-treated

(DT) AML HEL cells. E, Pearson correlation for distribution of barcoded AML single-cell li
respectively. Indicated are mean | SEM (**,P<0.01,***, P<0.001,****, P< 0.0001).

knes represent low,

dium, and high correlati

This was illustrated by the contribution of the top 20 expanded
clones to the overall V81' TCR repertoire. Although these 20
clones represented >60% in the peripheral blood, they accounted
for less than 10% in the DOT cell products (Fig. 1C). Moreover,
few clonotypes (especially for TRDV) were shared between
those identified ex vivo and in DOT cells (Supplementary Table
$3). We next aimed to better understand the basis for the
diversification of the DOT-cell repertoire. Given the previous
association of CD27 downregulation with preexpanded/
differentiated V31" T cells (13), we compared the TCR clonality
of DOT cells produced from presorted CD27  versus CD27'
subsets, which displayed distinct proliferation capacities under
the DOT-cell protocol (Fig. 1D). We found that the generation
of diverse DOT cells was restricted to CD27" precursors (Fig. 1E
and F; Supplementary Fig. S3A). Taking into account that
CD27" cells typically represent only a small fraction of ex vivo
V51" T cells (Supplementary Fig. $3B), these data suggest that
the DOT-cell protocol preferentially expands naive-like CD27'
V81" T cells with a diverse TCR repertoire at the expense of
preexpanded and terminally differentiated CD27 V81" T cells.
In support of this, the DOT-cell population (generated from
bulk V31" T cells) was largely composed of CD27' cells
(Fig. 1G). DOT-cell products originated from presorted CD27"
cells expressed NKp30 and were highly cytotoxic against KG-1
AML cells (Supplementary Fig. S3C and S3D).

To assess the functional relevance of DOT cell polydonality, we
generated clones from single-cell sorted V81" T cells, expanded/
differentiated using an adapted DOT-cell protocol including the

www.aacrjournals.org

different

Red, yellow, and green dashed

addition of feeder cells. We tested their cytotoxicity against the
AML cell line KG-1 (Fig. 2A). We found the majority of clones
(from different donors) to be efficient at inducing apoptosis of
KG-1 cells upon short (3-hour) coincubation in vitro (Fig. 2A).
These results show that DOT cell products are composed of
multiple clones with intrinsic capacity to target AML cells. To
functionally test whether the TCR is involved in this reactivity, we
performed the killing assay in the presence of a V81 ' TCR-specific
blocking mAb (or isotype control), and observed only a mild
reduction in KG-1 cell targeting across a number of dones from
different donors (Fig. 2B). At this stage, we hypothesized that
most of the reactivity was mediated by natural cytotoxicity recep-
tors (5-7), particularly NKp30 (Supplementary Fig. S1F). In fact,
DOT-cell cytotoxicity was significantly decreased upon CRISPR/
Cas9-mediated knockout (at the population level) of the best
established tumor-associated NKp30 ligand, B7-H6, in target
AML cells (Fig. 2C and D).

To further evaluate the anti-AML activity, we tested bulk
DOT-cell products (from multiple donors) against various
other AML cell lines as well as primary samples obtained from
patients at diagnosis. In all cases, DOT cells readily (within 3
hours) killed AML cells in vitro (Fig. 3A and B), in similar
fashion to what was reported for CAR-T cells (14-16), and
unlike ex vivo V81" T cells (Supplementary Fig. S4A). DOT cell
cytotoxicity associated with increased degranulation and
expression of perforin and granzyme B upon tumor cell recog-
nition (Supplementary Fig. S4B and $4C). DOT cells did not
target any normal leukocyte population (myeloid or lymphoid)
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from the peripheral blood of healthy volunteers (Fig. 3C),
including CD33" and CD123" myeloid progenitor cells, whose
on-target depletion by the respective CAR-T cells is known to be

i) ible for the d lllyr' blati (2, IS).

To test DOT cells against AML in vivo, we established various
independent xenograft models of AML (Supplementary Fig. S5A-
$5C). Both in AMLcell line models (Fig. 3D and E; Supplementary
Fig. $5C) and in two patient-derived xenografts (Fig. 3F and G;
Supplementary Fig. S5D and S5E), DOT-cell treatment reduced
tumor burden and increased host survival, without noticeable
toxicity. Although CAR-T cells have been reported to produce
bigger survival benefits in AML xenografts (14-16), these models
were biased to AML cell lines uniformly expressing the target
antigens. On the other hand, the toxicity of a strategy predicted to
induce myeloablation in patients cannot be evaluated with the
use of xenografts. Overall, we believe that the combined safety and
efficacy profiles of DOT cells make them candidates for adoptive
cell therapy of AML in the future.

Chemoresistance drives deadly relapses in the context of AML
therapies. We next asked whether DOT cells could target chemore-
sistant AML cells. For that purpose, we treated AML cells with
cytarabine plus doxorubicin for 72 hours, which led to >99%
wmor cell elimination, allowed the surviving cells to regrow, then
treated the culture with chemotherapy or DOT cells. Although the
cytotoxic efficacy of chemotherapy was reduced, the targeting
efficacy of DOT cells was unaffected (Fig. 4A), demonstrating the
superior capacity of DOT cells to target chemoresistant AML. cells.
In light of this, and taking into account the polyclonal and multi-
reactive DOT-cell repertoire (Fig. 1A-C), we also questioned the
ability of DOT cells to retarget AML cells following a first DOT-cell
treatment that eliminated >99% tumor cells in 72 hours (Fig. 4B).
Thus, we FACS-sorted the remaining approximately 0.1% of AML
cells present at 72 hours and allowed the cell culture o regrow
before retreatment with DOT cells. DOT cells killed DOT-pre-
treated AML cells as efficiently as nontreated controls (Fig. 4C),
suggesting that DOT-cell treatment did not select for a specific
subset of DOT-resistant AML cells. To track the AML clonal
dynamics upon therapeutic (DOT cells or chemotherapy) pressure,
we tagged single AML cells with cellular barcodes (noncoding DNA
sequences that can be tracked by NGS; ref. 11). Although chemo-
therapy selectively targeted approximately half of all the barcoded
AML single-cell lineages, DOT cells preserved the clonal architec-
ture of the AML population (Fig. 4D and E). These data collectively
suggest that the breadth of AML targeting by cytotoxic DOT cells

References

1. Wei Al Tiong IS. Midk i sidenib, CPX-351, g b ozo
gamidn, and venetodax bring new hope 10 AML. Blood 2017;130:
2469-74.

2. Tasian S. Acute myeloi Tcell immu
methhwdnwhmmuavdd'Mlelawzols
9:135-48.

3. DiTullio A, Rouault-Pierre K, Abarrategi A, Mian S, Grey W, Gribben |, etal.
The bi of CHK1 inhibitor with G-CSF overrides cytarabine
resistance in human acute myeloid leukemia. Nat G 2017;8:1679.

4. June C, O'Connor R, Kawalekar O, Chassemi S, Milone M. CAR T cell
immunotherapy for human cancer. Science 2018;359:1361-5,

5. Corrcia D, Fogli M, Hudspeth K, Comes Da Silva M, Mavilio D, Silva-
Santos B. Diff iation of human peripheral blood V81 1 T cells expres-
sing the natural cy icity receptor NKp30 for recogs of lymphoid
leukemia cells. Blood 2011;118:992-1001.

1 Levskemnia chimert

OF6 Cancer Immunol Res; 7(4) April 2019

avoids the selection of resistant lineages and allows efficient
retreatment. Emergence of refractory relapses after chemotherapy
needs to be prevented. Our work thus provides preclinical proof-
of-concept for clinical application of DOT cells in AML treatment.

Disclosure of Potential Conflicts of Interest

D.V. Correia has ownership interest in CammaDelta Therapeutics; B. Silva-
Santos reports receiving ¢ ial research funding from, has ownership
interest in, and is a ltant/advi mb for CammaDelta
mNomﬂmMolmmd-do«dbyﬂqu

Authors' Contributions
Conception and design: BD, Lorenzo, A E. Simoes, H. Norell, D. Vermijlen,
B. Silva-Santos

Devel of methodology: BD. lorenzo, AE Simoes, F. Caiado,
DV, (‘mda,'l'(arvalho MG da Silva, J.  Dechanet Merville,
TN. Schumacher, L. Prinz

Acquisition of data (provided animal d and d pati
wmmﬁdnﬂq&.):lblaumhﬁmF(hnquﬂtwo,
S. Ravens

Analysis and interpretation of data (eg.,
computational analysis): B.D. Lorenzo, A.E.SnmquCutda.DVcnmilen
Writing, review, and/or revision of the manuscript: B.D. Lorenzo, AE. Simoes,
lsdvn&ma

atistical i hi oiet

Admi chnical, or material support (i.e., reporting or organizing
data, constructing databases): B.D. Lorerzo, AE. Simoes

Study supervision: B. Silva-Santos

Acknow

ledgments

Our work was funded by Fundagao para a Giencia € Tecnologia (PTDC/DTP-
PIC/4931/2014 to B. Silva-Santos; PD/BD/105880/2014 to B.D. Lorenzo; BPD/
85947/2012 to D.V. Correia); lymphact SA. (upon i from Portugal
CWVMSA“MMSCR);MND:R:W(M
sored rescarch agr to B. Silva ); and Télévie-FNRS (7.4555.14F w0
D. Vermijlen). Wealnn acknowledge lllD[llM/m/JOl, pvmﬁnukdby
Wpﬂza(ﬂﬂrﬁcaT«nﬁﬂa(RT" istério da Giéncia, Te
€ Ensino Sup (MCTES) through Fundos do O de Estado; and
LISBOA 01.0145. rmmmsnd project cofounded by FEDER, through POR
Lisboa 2020 - Prog: 1 de Lisboa, PORTUCAL 2020,
mdhnshmpnna(‘.ianlzaTmmlopa

We thank Inés Barbosa (Insti igués de Oncologk I-Hxn.W)
(ulwbwuhmmofpnnwyml. ples; Miguel M
Diogo Conduto, Simao Rocha, and Teresa F. Muxdabluthnhlhdp.bmp
R. Anjos and Natacha C. Sousa for administrative support; and the Animal and
Flow Cytometry facilities of iIMM-JLA for technical assistance.

1 Rt

Received September 19, 201 8; revised Dy
30, 2019; published first March 20, 2019,

ber 12, 2018; pred January

6. Almeida AR, Comreia DV, Fernandes Platzgummer A, da Silva C1, da Silva
MC, Anjos DR, et al. Delta One T cells for immunotherapy of dwonic
lymphocytic leukemia: dinical grade expansion/differentiation and pre-
dinical proof-of concept. (lin Cancer Res 2016;22:5795-804.

7. Simoes A, Di Lorenzo B, Silva-Santos B. Molecular determinants of target
cell recognition by human y8 T cells. Front Immunol 2018;9:929.

8. Godder K, Henslee-Downey P, Mul.hrk&()umglll\hhymlw&
et al. Long term disease-free ival in acute leukemi
whmmdy&TalhaﬁapmﬂlymmMrdz&ddotubo'w

Transplant 2007;39:751-7.

9. VamdndC.VcrmniknD Manunl MQBMM.TIIME
et al. The checkpoint for agonist sek I selection
in human thymus. Sai Immunol 201 I.Z'punaMBl

10. Ravens S, Schultze-Florey C, Raha S, Sandrock I, Drenker M, Oberdosfer 1,
et al. Human ¥§ T cells are quickly reconstituted after stem-cell

Cancer Immunology Research

Downloaded from wnoerimmunokes.aacrjoumals.ora on Mg‘oh 21, 2019. ® 2019 American Association for Cancer
esearch.

156



13.

Published OnlineFirst March 20, 2019; DOI: 10.1158/2326-6066.CIR-18-0647

to viral

plantation and show adaptive clonal expansion in resp
infection. Nat Immunol 2017;18:393-401.

. Naik SH, Perié I, Swart E, Gerlach C, Van Rooij N, De Boer RJ, et al. Diverse

and heritable lincage imprinting of carly h " ¥

Nature 2013;496:229-32.

Lo

. Nobrega-Pereira S, Caiado F, Carvalho T, Matias I, Graga G, Gongalves 1.G,
ing of mitochondrial P

et al. VEGFR2-mediated reprogs

kemia w0 o

AML Targeting by Cytotoxic Delta One T Cells

. Mardiros A, Dos Santos C, McDonald T, Brown C, Wang X, Budde

I, et al. T cells expressing CD123-specific chimeric antigen recep-
tors exhibit specific cytolytic effector functions and antitumor
cffects against human acute mycloid leukemia. Blood 2013;122:
3138-48.

. Gill S, Tasian S, Ruclla M, Shestova O, 1i Y, Porter D, et al.

Preclinical targeting of human acute myeloid leukemia and myeloa-

e itivity of ’."...

blation using ch - pror-modified T cells. Blood

Cancer Res 2018,78:731-41,
Davey MS, Willcox CR, Joyce SP, Ladell K, Kasatskaya SA, Mdaren JE, etal.
Clomal selection in the human V81 T cell repentoire indicates y§ TCR.
! & daptive i surveillance. Nat Commun 2017;8:14760.

¥ e

www.aacrjournals.org

Downloaded from cancelimmunokes.aacrjoumals.org

157

2014;123:2343-54.

Petrov ), Wada M, Pinz K, Yan I, Chen K, Shuai X, et al. Compound CAR
Teells as a double- approach for treating acute myeloid leukemia.
Leukemia 2018;32:13171326.

Cancer Immunol Res; 7(4) April 2019  OF7

on March 21, 2019. © 2019 American Association for Cancer
esearch.



