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SUMARIO

Os animais vertebrados mandibulados possuem um sistema imunitario que inclui
varias populag¢des de linfécitos capazes de reconhecer e eliminar células tumorais, e
que constituem a base da imunoterapia contra o cancro.

Os linfécitos T 6 representam cerca de 1-15% dos linfocitos no sangue periférico
humano (PBL), e constituem a maioria das células T nos tecidos epiteliais de individuos
saudaveis. Tem sido demonstrado que os dois principais tipos de células yd6 humanas,
V381" e V82", apresentam uma forte citotoxiciade contra células tumorais de diversas
origens celulares, as quais reconhecem independentemente da apresentacdo de
antigénios por moléculas do complexo major de histocompatibilidade (MHC).

As estratégias atuais de imunoterapia para o cancro utilizando células T y6
baseiam-se na exclusiva reactividade das células Vy9V52, o subtipo de células yd
dominante no sangue periférico, para antigénios de origem nao peptidica,
denominados prenil-pirofosfatos (fosfoantigénios). No entanto, os mecanismos
moleculares responsaveis pela activagdo das células Vy9V62 por fosfoantigénios n&o
sdo ainda bem conhecidos. Neste estudo, caracterizamos os eventos celulares e
moleculares despoletados nas células Vy9Vé2 pelo (E)-4-hidroxi-3-metil-but-2-enil
pirofosfato (HMB-PP), o fosfoantigénio natural mais potente identificado até hoje.
Comparamos os efeitos moleculares produzidos apds a estimulacao por HMB-PP, com
0s que sao produzidos por sinalizagao classica, através do complexo do receptor de
células T (TCR), induzida por tratamento com o anticorpo monoclonal anti-CD3¢
(OKT3). O HMB-PP activou as vias de sinalizagdo molecular MEK/Erk e PI-3K/Akt, tdo
rapidamente e eficientemente quanto o OKT3, e induziu um padrao transcricional
praticamente idéntico nas células Vy9*. Adicionalmente, as actividades das vias de
sinalizagcao MEK/Erk e PI-3K/Akt mostraram-se indispensaveis para os efeitos celulares
do HMB-PP, incluindo a activagao, proliferagao e citotoxicidade anti-tumoral das células
T v8. Estas actividades foram inibidas apds o bloqueio do TCR Vy9" por anticorpos
especificos, durante o periodo de estimulagcdo. Assim, os nossos dados caracterizam
detalhadamente o HBM-PP como agonista do TCR Vy9Vs52.

A elucidacdo dos mecanismos moleculares responsaveis pela ativagao das células

T Vy9Vé2, permitiu a dissecagdo subsequente dos mecanismos implicados no
XiX



reconhecimento das células tumorais. Foram analizadas varias linhas celulares
tumorais hematologicas, identificadas como suscetiveis ou resistentes as células T
Vy9V62 ativadas (tratadas com HMB-PP), para identificagdo de potenciais
determinantes de reconhecimento tumoral, e de biomarcadores que poderao ser uteis
em ensaios clinicos de cancro baseados em células T Vy9V62. Realizamos um estudo
abrangente de transcritdmica em linhas celulares e em amostras primarias de leucemia
linfoblastica aguda e linfoma nao-Hodgkin, utilizado microarrays de cDNA e PCR
quantitativo em tempo real. Identificamos um painel de 10 genes codificando proteinas
membranares de superficie, diferencialmente expressos entre tumores hematoldgicos
resistentes versus sensiveis as células T Vy9Vd1. Dentro desta lista, 3 genes (ULBP1,
TFR2 e IFITM1) foram associados a uma maior suscetibilidade a citotoxicidade das
células T Vy9Vos2, ao passo que outros 7 (CLEC2D, NRP2, SELL, PKD2, KCNK12,
ITGA6 e SLAMF1) estavam sobre-expressos nos tumores resistentes, sugerindo que
os tumores hematoldgicos apresentam um repertério altamente variavel de proteinas
superficiais que podem influenciar o seu reconhecimento pelas células Vy9Vs2. Entre
os potenciais biomarcadores, demonstramos que o ULBP-1 € um determinante né&o-
redundante do reconhecimento de tumores hematoldgicos pelas células T Vy9Vo2.
Adicionalmente, observamos uma frequente diminuicdo da expressao de ULBP1 em
amostras primarias de doentes com linfoma ou leucemia, a qual foi associada a
resisténcia a citotoxicidade de células T Vy9V52 in vitro.

Com o objetivo de contrariar potenciais mecanismos de escape ao sistema
imunitario (tais como a perda da expressdao de ULBP-1), testamos uma série de
compostos ativadores de células T, no sentido de aumentar a citotoxicidade das células
vd contra os tumores resistentes. A fitohemaglutinina (phytohemagglutinin ; PHA), um
mitogénio extraido de plantas, combinada com IL-2, induziu a diferenciacdo de um
novo subtipo de células V82" V81" do sangue periférico, altamente citolitico e que
expressa receptores de citotoxicidade natural (NCRs). Assim, a expressao dos
recetores NKp30, NKp44 e NKp46 pode ser seletivamente induzida em células V§17,
através de sinais mediados pela cinase AKT, despoletados sinergisticamente por
citocinas da familia yc (IL-2 ou IL-15) e estimulagao via TCR. Experiéncias de ganho ou

perda de funcbdes especificas demonstraram que o recetor NKp30 € o NCR mais
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importante para o reconhecimento de células de leucemia. As células NKp30* Va1
constituem, pois, uma nova e indutivel populacao de células citotdxicas especializadas,
cujo potencial imunoterapéutico contra o cancro deve ser avaliado em futuros ensaios

clinicos.

Palavras-chave: linfocitos T v3; células T Vy9V§2; células T V§1™; fosfoantigénios;

recetores de citotoxicidade natural; leucemia; linfoma; imunoterapia contra o cancro.
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SUMMARY

The immune system of jawed vertebrates includes various lymphocyte populations
capable of recognizing and eliminating tumor cells, which constitutes the basis of
cancer immunotherapy.

vd T lymphocytes are innate-like cells that account for 1-15% of human peripheral
blood lymphocytes (PBL), and represent the majority of T cells in epithelial tissues of
healthy individuals. Moreover, it is well established that both V31" and V82" y§ T cell
subsets are endowed with strong, MHC-unrestricted cytotoxicity against tumor cells of
diverse tissue origin.

The unique responsiveness of Vy9Voé2 T cells, the dominant subset of y5 PBLs, to
non-peptidic prenyl-pyrophosphate antigens (phosphoantigens), constitutes the basis of
current yo T cell-based cancer immunotherapy strategies. However, the molecular
mechanisms responsible for phosphoantigen-mediated activation of Vy9Vé2 T cells
have remained unclear. We have here characterized the cellular and molecular events
triggered in Vy9Vo2 T cells by the most potent natural phosphoantigen yet identified,
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP). We compared the
molecular signatures produced by HMB-PP stimulation, with those of canonical T cell
receptor (TCR) complex signaling, induced by anti-CD3¢ monoclonal antibody (OKT3)
treatment. HMB-PP activated the MEK/Erk and PI-3K/Akt signaling pathways as rapidly
and efficiently as OKT3, and induced an almost identical transcriptional profile in Vy9* T
cells. Moreover, MEK/Erk and PI-3K/Akt activities were indispensable for the cellular
effects of HMB-PP, including yo6 T cell activation, proliferation and anti-tumor
cytotoxicity, which were also abolished upon antibody blockade of the Vy9" TCR during
the stimulation period. Thus, our data provided a detailed characterization of HMB-PP
as a putative Vy9Vs2 TCR agonist.

The elucidation of the molecular mechanisms responsible for Vy9Vé2 T cell
activation, permitted the subsequent dissection of the mechanisms involved in tumor
cell recognition. Several hematological tumor cell lines, identified as susceptible or
resistant to fully-activated (HMB-PP-treated) Vy9Vs2 T cells, were screened for the

identification of potential determinants of tumor cell targeting, and biomarkers that could
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be useful for Vy9Vé2 T cell-based cancer clinical trials. We performed a comprehensive
transcriptomics study using cDNA microarrays and quantitative real-time PCR, in acute
lymphoblastic leukemia and non-Hodgkin’s lymphoma cell lines and primary samples.
We identified a panel of 10 genes encoding cell surface proteins that were statistically
differentially expressed between “y3-susceptible” and “yé-resistant” hematopoietic
tumors. Within this panel, 3 genes (ULBP1, TFR2 and IFITM1) were associated with
increased susceptibility to Vy9Vé2 T-cell cytotoxicity, whereas the other 7 (CLEC2D,
NRP2, SELL, PKD2, KCNK12, ITGA6 and SLAMF1) were enriched in resistant tumors,
suggesting that hematological tumors display a highly variable repertoire of surface
proteins that can impact on Vy9Vé2 T cell-mediated immunotargeting. Among the
candidate biomarkers, we established ULBP-1 as a non-redundant determinant of
VyOVs2 T cell recognition of hematological tumors. Furthermore, we observed a
frequent down-modulation of ULBP1 expression in primary samples from leukemia and
lymphoma patients, which associated with resistance to Vy9Vé2 T cell cytotoxicity in
vitro.

Aiming to overcome potential immune escape mechanisms (such as loss of ULBP-1
expression), we screened a series of T cell-activating compounds in order to elicit yo T
cell-mediated killing of resistant tumors. Phytohemagglutinin (PHA), a plant-derived
mitogen, combined with IL-2, induced the differentiation of a novel, highly cytolytic
subset of V52" V31" PBLs expressing natural cytotoxicity receptors (NCRs). Thus,
NKp30, NKp44 and NKp46 could be selectively upregulated in V31" cells by AKT-
dependent signals provided synergistically by v. cytokines (IL-2 or IL-15) and TCR
stimulation. Specific gain-of-function and loss-of-function experiments demonstrated
that NKp30 makes the most important contribution to leukemia cell recognition. Thus,
NKp30* V81" T-cells constitute a novel, inducible and specialized killer lymphocyte
population whose potential for cancer immunotherapy should be evaluated in future

clinical trials.

Keywords: y& T lymphocytes; Vy9Vs2 T cells; V31" T cells; phosphoantigens;

natural cytotoxicity receptors; leukemia; Iymphoma; cancer immunotherapy.

xxiii






T cells in tumor surveillance

1 GENERAL INTRODUCTION
1.1 T CELLS IN TUMOR SURVEILLANCE

1.1.1 The tumor immunosurveillance theory

Cell transformation may occur as a result of the normal cell metabolism. The
fundamental mechanisms of cellular division and DNA replication carry the inherent
danger that the replication machinery will inevitably make mistakes, compromising the
integrity of the genome. Added to this, all cells are exposed to harmful environmental or
biological agents (such as UV radiation, viruses, toxic elements, etc.), that will damage
their DNA. Cancer is a essentially a genetic disease that arises when the natural tumor
suppressor mechanisms fail to prevent cell transformation and uncontrolled growth?.

The ideia of a tumor suppressor immune mechanism was conceived by Paul Ehrlich,
102 years ago. Ehrlich suggested that cells of the immune system are able to eliminate
tumors, much like they destroy pathogens or pathogen-infected cells?. A cancer
immunosurveillance theory was formulated in the 1950s by McFarlane Burnet and
Lewis Thomas, who proposed that lymphocytes act as sentinels in recognizing and
eliminating continuously arising, nascent transformed cells%.

Tumor immunology research intensified in the mid-1990s after the observation that
transplanted tumors grew more robustly in mice treated with neutralizing monoclonal
antibodies specific for interferon-y (IFN-y), a key molecular component of the immune
system>. Indeed, immunodeficient mice that lacked either IFN-y responsiveness or an
intact T cell compartment were more susceptible to methylcholanthrene (MCA)-induced
sarcoma formation®®. Since then, extensive research has established cancer
immunosurveillance as an important host protection process that maintains regular

cellular homeostasis in mice™. Moreover, several human and mouse tumor antigens

d28 It is now

that are recognized by the host immune system have been identifie
widely accepted that the immune system can act as a tumor-suppressor mechanism at
different levels: i) it can protect the host from virus-induced tumors by eliminating or
suppressing viral infections; ii) it can prevent the establishment of an inflammatory
environment conducive to tumorigenesis by eliminating the pathogens that cause it; and

importantly, iiii) the immune system can specifically identify and eliminate tumor cells in
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certain tissues on the basis of their expression of tumor-specific antigens (TSAs) or
tumor-associated antigens (TAAs ; reviewed in!%). Thus, the immune system has
evolved as a complex mechanism able to recognize, not only “host versus exogenous

pathogens”, but also to distinguish between “self versus altered self’2.

1.1.2 Theimmune response against tumors

The immune response is broadly classified into either the innate (antigen-
nonspecific response), or the adaptive (antigen-specific response). Leukocytes of the
innate immune system serve as sentinels for detecting general signs of danger. These
cells are usually equipped with pattern recognition receptors (PRR) leading to a fast and
unspecific activity against groups of pathogens. As so, these innate myeloid cells
(Phagocytes, Mast cells, Basophils, Eosinophils) and innate-like lymphocytes (NK cells,
NKT cells and y3 T cells) constitute the first line of defense against pathogens and/or
transformed cells™®*Z,

Innate responses can also modulate the adaptive branch of the immune system?®&.
The adaptive system is constituted by B cells and aff T lymphocytes, which react
specifically to each individual pathogen. Adaptive immunity is triggered later and usually
generates memory cells that persist in the organism and can be reactivated upon a
second encounter with the same antigen. The cells of the adaptive immune system
express a comprehensive repertoire of cell surface antigen-specific immunoglobulin
receptors - B cell receptors (BCR) for B cells; and T cell receptors (TCR) for T cells -
that can collectively recognize millions of distinct antigens'22.

The ability to recognize and eliminate transformed cells is common to several

14,21,22

lymphocyte subsets of both the innate and adaptive systems . Specifically,

genetic, immunochemical or functional ablations of NK cells, NKT cells, y5 T cells or of
T cells all lead to increased susceptibility of the host to tumors?2, Immunodeficient
mice lacking either IFN-y responsiveness or recombination activating gene-2 (RagZ"',
failing to generate T, B, and Natural Killer T lymphocytes) develop more spontaneous
neoplasia upon aging and are more susceptible to MCA carcinogen-induced sarcomas

compared with wild-type mice®.
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1.1.3 The Cancer Immunoediting hypothesis

The immune system acts as an extrinsic tumor suppressor, but paradoxically can

also promote cancer initiation, promotion, and progression@&

. In fact, a significant
proportion (40%) of MCA sarcomas derived from immunodeficient Rag2™~ mice were
spontaneously rejected when transplanted into naive syngeneic wild-type mice,
whereas all MCA sarcomas derived from immunocompetent wild-type mice grew
progressively when transplanted into naive syngeneic wild-type hosts2. Thus, tumors
formed in the absence of an intact immune system are, as a group, more immunogenic
than tumors that arise in immunocompetent hosts. The immune system not only
protects the host against tumor formation, but also edits tumor immunogenicity. These
new data prompted a refinement of the cancer immunosurveillance concept and led to
the formulation of the cancer immunoediting hypothesis, which stresses the dual host-
protective and tumor-sculpting actions of immunity on developing tumors. We now view
cancer immunoediting as a dynamic process composed of three distinct phases:

elimination, equilibrium, and escapelZ.

1.1.3.1  Antigen recognition by T cells

The fundamental property of T cells is the expression of a T cell receptor. T cells use
their signature TCR to recognize antigens and initiate cellular immune responses. The
specificity of most T cell responses is conferred by the o TCR; an alternative y6 TCR
with limited diversity is present on about 1% to 5% of peripheral T cells, and on the
majority of intraepithelial T cells. TCRs are formed by two transmembrane
glycoproteins, each composed of one extracellular variable and constant domain joined
by a hinge region to the transmembrane domain®. The diversity of the TCR is primarily
found in the variable region, which is formed at the DNA level by the juxtaposition of V,
D, and J gene segments ( or & chain) or V and J gene segments (o or y chains). These
gene segments are assembled by RAG-dependent somatic recombination, generating
millions of different TCR gene combinations. The addition or removal of nucleotides at
joining sites, further contributes to the V—(D)-J junctional-region complexity?>%.

Different aminoacid sequences will create distinct molecular surfaces at the TCR
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complementarity-determining regions (CDRs), generating TCRs with very different
binding specificities.

o3 TCRs bind to short fragments of antigens that have been broken down and
loaded onto Major Histocompatibility Complex (MHC) molecules (also known as Human
leukocyte antigens, HLA)2Z. MHC molecules are highly polymorphic, with multiple
alleles of several genes giving rise to the protein products. Antigen processing and
presentation for subsequent T cell recognition by the aff TCR can occur through
different pathways. On one hand, all nucleated cells, including tumor cells, have the
capacity to directly present endogenous antigens to CD8" cytotoxic T cells in the
context of MHC class | molecules. On the other hand, professional antigen presenting
cells (APCs) can present antigen bound to both MHC class | and MHC class I
molecules?’. For example, dendritic cells (DCs) can phagocytize exogenous pathogens
such as bacteria, parasites, and toxins, and display the corresponding processed
antigens on MHC Class Il molecules, which interact with CD4" helper T cells. Binding of

a TCR with its cognate peptide-MHC complex triggers T cell activation.

1.1.3.2 T cell activation

T cell activation typically requires signal transduction via the MAPK/ Erk and PI3 K/
Akt pathways, which relay information to Fos/Jun and NF-kB/NFAT transcription factors,
respectively, and these control the expression of genes like IL-2, cyclins and Bcl2 family
members (Figure 1; reviewed in?8). In summary, for o T cells, TCR/CD3 ligation results
in the activation of Src (p56 Lck and Fyn) protein tyrosine kinases (PTK), leading to
phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) present in
the CD3 subunits of the TCR/CD3 complex. Recruitment of the PTK Zap-70 to such
phosphorylated ITAMS forms a signaling molecular complex, containing the proteins
LAT, SLP76 and GADS. This allows the afferent TCR/PTK signal to spread into multiple

distal signaling pathways?%2

. Following TCR ligation, the phospholipase Cy1 (PLCy1)
binds to the proximal complex where it is phosphorylated, and then hydrolyzes the
membrane lipid PI(4,5)P, into inositoltriphosphate (IP3) and diacylglycerol (DAG). On
one hand, DAG will activate two major pathways involving Ras and protein kinase C 6
(PKCHO). The guanine-nucleotide binding protein Ras will in turn activate the MAPK

4



T cells in tumor surveillance

pathway, leading therefore to the phosphorylation of the extracellular signal-regulated
kinase 1 (Erk1) and Erk2®. The second major signaling pathway initiated by DAG is
mediated by PKC6 recruitment and activation at the plasma membrane level, therefore
driving the localization of the nuclear factor kappa B (NFkB) to the nucleus®!.

On the other hand, IP3 generated by PLCy1 activity will initiate intracellular calcium

signals in a process called store-operated calcium entry (SOCE)32. This ultimately leads

to the activation of several Ca** dependent signaling proteins and their target
transcription factors, such as the phosphatase calcineurin and its target NFAT, Ca?*-
calmodulin dependent kinase (CaMK) or NFkB. In immune cells, Ca

major second messenger thought to be involved during the establishment of several
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While the TCR makes a key contribution to the activation of these molecular
pathways, TCR signaling alone is not sufficient to release aoff T cells from their
quiescent state. Co-ligation of other receptors, which provide “signal 2" (or
costimulation), is usually required, such as CD28. Association of the T cell receptor of a
naive T cell with MHC:antigen complex without CD28:B7 interaction results in T cell
anergy?®3. Several other costimulatory receptors affect T cell activation, division,
survival and cytokine secretion. The Immunoglobulin (lg) superfamily of costimulatory
receptors includes CD2, CTLA-4, ICOS and PD-1, among others (reviewed in*%). The
tumor necrosis factor receptor (TNFR) superfamily includes 4-1BB (CD137), OX40

(CD134), CD27 and HVEM, among others (reviewed in®).

1.1.3.3 ap T cell responses

Two major subsets of aff T cells collaborate to mediate effective immune responses.
CD4" helper T cells are activated after binding a cognate peptide presented by MHC
Class Il molecules (HLA-DR, -DP, -DQ in humans), and provide cytokine-mediated
“help” that enhances phagocyte functions, shapes B cell-mediated humoral responses,
and maximizes the quality and durability of the CD8" T cell-mediated cytotoxic
response. CD8" cytotoxic T lymphocytes (CTLs) are activated after binding antigen
presented by MHC class | molecules (HLA-A, -B, -C, in humans) and deploy an amount
of cytokines and enzymes that can effectively lyse cellular targets. These targets
include host cells altered by either viral infection or oncogenic transformation.

To accomplish their function, CD8" CTL (like CD4" T cells), must migrate towards
lymphoid organs, where they can interact with professional antigen presenting cells
(APCs) (DCs, B cells, macrophages and v8 T cells)**2. After the “priming” provided by
APC-T cell interaction, CD8" CTL can expand and engage the target cells.

Due both to their exquisite antigen specificity and their capacity for a longer, more
vigorous secondary response, the use of aff T cells for the immune-mediated therapy of
cancer has attracted great interest. While their need to recognize antigen in the context
of MHC presentation may seem a drawback, in fact it allows for T cell recognition of
epitopes derived from virtually any protein, whether it is expressed at the cell surface or

inside the cell. It also allows sensitivity to even single amino acid changes in proteins,

6



T cells in tumor surveillance

so that af T cells are able respond to mutated proteins but not their normal
counterparts. However, to further understand CD8" CTL antitumor responses it is

necessary to introduce the concepts of tumor-specific and tumor-associated antigens.

1.1.4 Tumor antigens for af T cells

In 1991, the first human tumor antigen recognized by T cells, called MAGE-1, was
discovered™, and since then, hundreds of other tumor antigens have been

described®24?

, and grouped in different categories (Table 1).

T cells can recognize antigens unique to tumors, the so-called tumor-specific
antigens. They are found exclusively in tumors, and in many situations are mutated
proteins or fusion molecules associated with malignant transformation and progression.
For example, antigens expressed in tumors driven by viral infection such as EBV
associated lymphoproliferative disorders, or antigens expressed in tumors created by
translocations such as the bcr-abl rearrangement in chronic myelogenous leukemia
(table 1). On the other hand, T cells can also recognize self antigens enriched in
tumors, the so-called tumor-associated antigens. Most T cells auto-reactive to self
antigens are usually deleted in the thymus (to avoid auto-immunity), but some T cells
with low affinity avoid thymic deletion, and thus retain the ability to recognize tumors

bearing self antigens which are expressed at higher levels than in normal tissues.

Category Description Examples
Viral antigens Virus-induced tumors (e.g. EBV, HPV) EBNA-1, E6, E7
Point mutations Unique for each tumor MUM-1, CDK-4, p53
Differentiation antigens Expressed in tissue lineages Tyrosinase, GP100
Cancer testis antigens Largely expressed during development and cancer MAGE, NYO-ESO-1
Cryptic epitopes Associated with aberrant transcription or translation RU2,GnTV,HPX42B
TEIPP Associated with antigen processing defects CALCA

Table 1. Categories of human tumor antigens recognized by CTL. Adapted from

Lampen et al. 20114,



General introduction

Differentiation antigens are expressed predominantly during fetal development and
in only minimal quantities in adult tissues. Most of these antigens were originally
described in melanomas and melanocytes (tyrosinase, gp100, TRP-1 and MART-
1/Melan-A)* but others have been well described in other malignancies (CEA, Epcam,
PSA).

The most frequently targeted tumor antigens in clinical trials of cancer vaccines are
cancer-testis antigens (or germ cell antigens). CT antigens are proteins that represent
reactivation of genes in tumors that are usually silent in adult tissues®. The list of CT
antigens includes the MAGE, BAGE and GAGE families among other.

In any case, peptides recognized by T cells cannot always be predicted from the
aminoacid sequence of the antigen. Some T cell epitopes may be generated by splicing
aberrations leading to cryptic epitopes encoded by nonspliced introns, alternative open
reading frames, or post-translational modification*42.

Finally, it was recently described a unique population of CTL that is capable of
recognizing MHC-I-low tumors®. These CTLs displayed preferential killing for tumors
with defects in the antigen processing pathway and targeted a novel category of tumor

antigens®®4

. This novel peptide repertoire emerges in MHC class | at the cell surface
upon impediments in the classical processing route, for example proteasome, TAP or
tapasin, implying that processing defects block the conventional tumor antigens, but
stimulate alternative processing routes. This novel category of tumor antigens were

designated as TEIPP (T-cell epitopes associated with impaired peptide processing)*2.

1.1.5 o T cell-mediated cancer immunotherapy

The identification of tumor-specific antigens boosted the investigation on tumor-
specific CD8" CTL and adaptive immune responses. Although it allowed the
development of tumor vaccines — which are being assayed in clinical trials (reviewed
in®) — the overall success of such immunotherapeutic strategies has had only limited
efficacy to date®®#2, as tumor mutations can increase resistance to T cell cytotoxicity or

induce T cell anergy®®. Another limiting factor is the common downregulation of tumor
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antigens and/or the MHC class | presentation elements in advanced tumors, since CD8"

T cell immunity is critically dependent on MHC-I-mediated antigen presentation.

1.1.6  MHC class l-unrestricted tumor cell recognition

Many reports have illustrated the capacity of innate unconventional lymphocytes (yé
T, NK and NKT cells), to detect and destroy tumor cells independently of classical MHC

presentation>!

. This capacity has probably evolved as a mechanism to ensure that
tumors evading MHC-dependent af-T cell recognition would still be recognized and
eliminated by other effector cells®2. In contrast to antigen-specific afy T cells, NK cells,
NKT cells and y6 T cells can directly recognize patterns of stress-induced self

53,54

molecules present in malignantly transformed cells®>>=*. Consequently, they can lyse

tumor cells almost immediately upon encounter and independently of tumor-specific
antigen processing®=~.

Some of these unconventional lymphocytes were shown to recognize non-classical
MHC proteins (called MHC class |b proteins) expressed at the surface of tumor cells.
MHC Ib molecules (in humans, MICA, MICB, HLA-E, -F, -G and —H proteins) are
structurally related to class la proteins because they show a typical (a1-a2) MHC fold
on a single polypeptide, which, in the case of Ib, does not pair up obligatorily with 2-
microglobulin (B2m)?2. Furthermore, although many MHC Ib genes are also located in
the MHC locus, they tend (with the notable exception of MICA/B) to be oligomorphic—
few alleles exist in the population— which is in marked contrast with the extensive
polymorphism of class la. MHC | b proteins have been largely shown to bind to
stimulatory or inhibitory receptors expressed on T, NK and/or NKT lymphocytes. Some
MHC Ib proteins can act as ‘reporters’ of cellular transformation and trigger anti-tumor
immune responses?. Additionally, several mechanisms have been described by which
MHC Ib can activate or inhibit anti-tumor lymphocytes?. These unconventional cell
subsets thus represent an alternative approach to cell-mediated anti-cancer

immunotherapy.
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1.2 NATURAL KILLER CELLS

Natural killer (NK) cells are bone marrow-derived lymphocytes, playing critical
effector functions in the early innate immune response22€. They continuously circulate
through the blood, lymphatics and tissues, on patrol for the presence of transformed or
pathogen-infected cells&!. Even in the absence of prior sensitization, NK cells can exert
potent cytolytic activity directly against their cellular targets. Activated NK cells secrete
cytokines, such as IFN-y, TNF-a. and granulocyte—macrophage colony stimulating factor
(GM-CSF), which activate both innate and adaptive immune cells®.

Contrary to ap T, yo T and B cells, NK cells are regulated by a limited repertoire of
germ line-encoded receptors that do not undergo somatic recombination®®. Thus,
individual NK cells lack a unique antigen recognition receptor and do not use RAG
enzymes for rearrangement of their receptor genes, although transient expression of
RAG proteins and even incomplete V(D)J recombination have been observed in a low
frequency of NK cells during their development, probably due to early progenitors
shared with T cells®2. In any case, NK cells are present in normal numbers in mice
deficient in RAG1 or RAG284%, Accordingly, and unlike T cells, most NK cells do not
require the thymus for their development and, thus, exist in normal numbers in athymic
nude mice®%.

Many of the NK cell receptors have opposite functions, thus the strength of each
signal can finely tune NK cell cytolytic activity and cytokine production. If the target cells
express ligands for NK inhibitory receptors (iINKRs), phosphatases recruited by the
inhibitory receptors are brought to the synapse, where they act to dampen or even
prevent NK cell activation?2. When an NK cell encounters an abnormal cell (e.g. tumor
or virus-infected) and activating signals from activating receptors (aNKRs) predominate,
the NK cells can rapidly induce apoptosis of the target cell through directed secretion of
cytolytic granules containing perforin and granzymes or engagement of death domain-
containing receptors®2. Although this is the prevailing view, there are probably other
mechanisms involved, because some NK cells expressing activating receptors and
lacking inhibitory receptors for MHC-I ligands present in target cells, still fail to lyse their
targets®®®’. Following these results, it was recently proposed an “education mechanism”
10
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for NK cells, whereby such NK cells acquire self-tolerance. The potentially autoreactive
NK cells are not clonally deleted but instead acquire a state of hyporesponsiveness to
stimulation through various activating receptors®.

Recent data suggests that the expression of inhibitory receptors specific for self-
MHC confers greater responsiveness to NK cells, a property termed ‘licensing’®®, which
requires functional ITIMs. The potency with which NK cells reject cells with aberrant
MHC class | expression appears to correlate with the number and strength of inhibitory
receptor—-MHC class | interactions. In other recent studies, mature NK cells have been
shown to undergo a ‘re-education’ process in the periphery, whereby functional
competence is reset following adoptive transfer into a different MHC class | envi-
ronment. In these studies, functional NK cells lost their effector capabilities in an

environment devoid of MHC class | molecules®®2

. Together, these results suggest that
continuous engagement of inhibitory receptors with MHC class | molecules is required
to determine NK cell responsiveness.

Finally, although NK cells are classified as innate immune cells, there is evidence in
both mice and humans that NK cells share some attributes of the adaptive immune
system with B cells and T cells. For example, it was shown that NK cells can mount a
form of antigen-specific immunologic memory (e.g. a clonal expansion during infection

and generation of long-lived memory cells)®82:72

1.2.1 Natural Killer cell Inhibitory receptors

The most relevant inhibitory NK receptors recognize MHC class | molecules and
“protect” normal cells from autologous NK cell-mediated killing (Table 2). Consequently,
many cells with down-regulated MHC class | molecules (as in the case of tumor
transformation or viral infection) become susceptible to NK-cell mediated killing®%%. As
previously described, the functional response of NK cells to activating stimuli was
shown to increase significantly with the number of different inhibitory receptors for self-
MHC that the NK cells expressed”®’%. Despite exhibiting greater responsiveness, NK
cells with more inhibitory receptors are not autoreactive, because interactions of their
inhibitory receptors with MHC class | molecules on normal cells inhibits their activity.
iNKRs contain immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their

cytoplasmic tail, and these motifs can recruit SH2 domain-containing protein tyrosine
11
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phosphatase 1 (SHP1; also known as PTPNG6) and SH2 domain-containing inositol
5-phosphatase (SHIP), initiating a signaling cascade that counteracts that of activating
kinases®2,

In humans, the NK cell MHC-I-binding inhibitory receptors include the killer-cell
immunoglobulin-like receptor (KIR; also known as CD158) family, the NKG2A/CD94
heterodimer and CD85j (ILT2, LIR1)2. Other inhibitory NK receptors are specific for
non-MHC ligands. These receptors include, for example, CD200 (an
immunosuppressive cell surface glycoprotein)”® and CD161 (also known as NKR-P1A,
that binds to CLEC2D™Z,

1.2.1.1 Killer Ig-like receptors (KIRS)

Human KIRs are a family of transmembrane glycoproteins belonging to the
immunoglobulin superfamily®2. The major ligands for KIR are MHC class | (HLA-A, -B or
-C) molecules, which are expressed on the surface of nearly every normal nucleated
cell in the body, and are encoded by the most polymorphic genes in humans, thus
defining immune ‘self. The KIR-mediated regulation of NK cells can significantly impact
on their responsiveness during viral infection, cancer, haematopoietic stem cell
transplantation and pregnancy?!. On the other hand, the expression of self MHC-I-

reactive KIR is also critical for the ‘licensing’, or ‘arming’ of NK cells®*.

1.2.1.2 CD94/NKG2A

NKG2A and NKG2C C-type lectin molecules are expressed as heterodimers
coupled to CD94, forming receptors with opposite functions®. The inhibitory NKG2A
molecule contains cytoplasmic ITIMs that recruit SHP-1 and SHP-2 tyrosine
phosphatases®. In contrast, NKG2C is coupled through the DAP12/KARAP adaptor to
a tyrosine kinase-dependent pathway, triggering NK cell effector functions®28. Both
receptors specifically recognize HLA-E, which presents peptides derived from the
leader sequence of other HLA class | molecules®. In mice, CD94/NKG2 receptors are
conserved and recognize the Qa1b class Ib molecule, which presents as well MHC
class I|-derived peptides®. CD94/NKG2A expression was previously shown to be

12
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inducible in T cells stimulated with IL-128 or upon TCR-dependent activation under the
influence of IL-15 or TGFp%#. Also, HLA-E expression by gynecological cancers

restrains tumor-infiltrating CD8 T lymphocytes or NK cells®.

GENE SIGNALING LIGAND
KIR2DL1 (CD158b) 2 ITIM HLA-C group 2 ; N77/K80
KIR2DL2 (CD158b1) 2 ITIM HLA-C group 2 ; N77/K80
KIR2DL3 (CD158b2) 2 ITIM HLA-C group 1 ; S77/N8O
oo | o |
KIR3DL1 (CD158¢1) 2 ITIM HLA-B alleles
KIR3DL2 (CD158k) 2 ITIM HLA-A alleles
LIR-1/ILT2 (CD85j) 4 1TIM HLA class |
(GO NKG2A (CD159a)] 11TIM HLA-E
KLRG1 (Mafa) 11TIM E-, N- and R - cadherins
KLRB1 (NKR-P1A, CD161) 11TIM LLT1 (OCIL, CLEC2D)
SIGLEC-7 (CDW328,p75) 11TIM a-2,8 disialic acid
SIGLEC-9 (CD329) 11TIM a-2,8 disialic acid
IRp60 (CD300a) 11TIM ?

CD244 (2B4) (3 IITFISI\/IM) CD48

LAIR1 (LAIR-1, CD305) 2 ITIM Collagen
CEACAM1 (CD663) 2 ITIM CEACAM1 (CD663)
41g-B7-H3 ? ?

TIGIT 11TIM PVR

CD200 11TIM CD200R

Table 2. Inhibitory receptors expressed on human peripheral blood NK cells.

Inhibitory receptors expressed by freshly isolated resting NK cells and their ligands are listed.
KIR, NKG2A, LIR-1, KLRG1, NKR-P1, Siglec-7, and Siglec-9 are only expressed by subsets of
NK cells. Adapted from Lanier et al. 200822
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GENE SIGNALING LIGAND
FCGR3 (CD16, FcgRIIIA) FceRly, CD3c I9G
NCR3 (NKp30,CD337) FceRly, CD3c B7-H6
NCR2 (NKp44, CD336) DAP12 ?
NCR1 (NKp46, CD335) FceRly, CD3¢ Viral hemaglutinin
KIR2DS1 (CD158h) DAP12 HLA-C , N77/K80
KIR2DS2 (CD158j) DAP12 ?
KIR2DS4 (CD158i) DAP12 HLA-Cw4
KIR3DS1 (CD158¢2) DAP12 ?
CD94 NKG2G (CD159¢) DAP12 HLAE
KLRK1 (NKG2D, CD314) DAP10 MICA/B , ULBP1-6
CD244 (2B4) ITSM, SAP CD48
CD2 FceRly, CD3c LFA-3 (CD58) , CD48
SLAMF7 (CRACC, CD319) ITSM, EAT2 CRACC
SLAMF6 (NTB-A) A AST'VZ' SAP, NTB-A

CD226 (DNAM-1)
CD7
BY55 (CD160, NK1)

Protein kinase C
?

?

PVR (CD155), CD112
SECTM1, Galectin
HLA-C , HLA-G

KIR2DL4 (CD158d) FceRly HLA-G (soluble)
CD44 ? Hyaluronan
SLAMF5 (CD84) SH2D1A/SAP CD48

SLAMF3 (Ly9) SAP ?

KLRF1 (NKp80, CLEC5C) ? AICL

LFA-1 (aLB2, CD11a/18) ? ICAM-1-5

MAC-1 (aMp2, CD11b/18)
CD11c/18

VLA-4 (04p1, CD49d/29)
VLA-5 (o581, CD49e/29)

ICAM-1, iC3b, Fibrinogen
ICAM-1, iC3b
VCAM-1, Fibronectin

Fibronectin

14
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Table 3. Activating receptors expressed on human peripheral blood NK cells.
Activating receptors expressed by freshly isolated resting NK cells and their ligands are listed.
KIR, NKG2C, and CD2 are only expressed by subsets of NK cells. Adapted from Lanier et al.
2008

1.2.2 Natural Killer cell Activating receptors

In some cases, NK cells do efficiently recognize and kill tumors or virus-infected
cells that maintain expression of inhibitory MHC class | molecules. This means that, in
order to exert they cytolytic activity, NK cells require strong activating signals generated
upon effector/ target cell interaction®!. NK cells do not possess one dominant receptor,
but instead rely on a vast combinatorial array of receptors to initiate effector functions
(Table 3). What constitutes an activating receptor or a costimulatory molecule in NK
cells is uncertain and somewhat semantic®2. When agonist antibodies are used to
cross-link the ‘activating’ receptors on freshly isolated primary human NK cells, none of
the receptors alone, with the exception of CD16 and NKG2D, are able to elicit cytolytic
activity or cytokine secretion®2. However, when different pairs or combinations of
receptors are simultaneously cross-linked, effector functions are triggered, with
evidence in some cases for additive effects and in other cases synergistic actions.
These observations suggest that a critical threshold of signaling that exceeds the
counterbalancing influence of the inhibitory receptors must be achieved by these
coactivating receptors in order for NK cells to mount a productive response.

The NK cell activating receptors primarily involved in tumor cell killing are
NKp4622 NKp302 and NKp442 collectively referred to as natural cytotoxicity
receptors (NCR). Other activating receptors playing a relevant role in tumor cell lysis
are NKG2D%, 2B4 and DNAM-12. In contrast to inhibitory receptors, most activating
receptors are expressed by all NK cells. Furthermore, activating receptors induce
diverse signaling cascades, whereas inhibitory receptors appear to use a common
mechanism for inhibition. Some activating receptors are associated with ITAM-
containing adapter proteins that propagate strong activation signals through recruitment
of tyrosine kinases Syk and -associated protein of 70 kDa (ZAP-70)%2. Other activating

receptors do not contain ITAMs or associate with different adapters.
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1.2.2.1 Natural cytotoxicity receptors

1.2.2.1.1 NKp30

NKp30 is a type | transmembrane protein triggering receptor expressed by all resting
and activated human NK cells®. Its transmembrane domain associates via a charged
amino acid with ITAM-bearing adapters (CD3¢ and FcRy)'%. NKp30 is mostly restricted
to NK cells although recent studies have shown protein expression on umbilical cord
blood T cells after IL-15 stimulation and on endometrial epithelial cells following
progesterone exposure’®19 Moreover, the recently identified IL-22-producing mucosal
innate lymphoid cell population that shares properties with LTi (lymphoid tissue inducer)
and NK cells also expresses NKp301231%4,

Several studies have shown that NKp30 is a major activating receptor involved in
tumor cell lysis. 1L-21% or 1L-211% induce NKp30 up-regulation, whereas TGF-p down-
regulates NKp30, leading to impaired NK cell cytotoxicity'Z. Additionally, an NKp30-dull
phenotype was shown to be acquired during leukemia development in acute myeloid
leukemia (AML)%1% and breast cancer™® patients. This down-regulation is possibly a
mechanism of escape from innate immunity. Finally, NKp30 can also target immature
DC and thus favor the accumulation of mature DCs 12,

NKp30 is encoded on chromosome 6 and has no homology with NKp44 or NKp46,
which are encoded on chromosomes 6 and 19, respectively®. Notably, NKp30 is a
pseudogene in mice, with the exception of the wild strain Mus caroli™®. A functional
NKp30 protein is expressed on resting peripheral chimpanzee NK cells although at low
level 2,

The NKp30 gene encodes six alternatively spliced transcripts®®. Delahaye et al.®
have recently shown that different isoforms transmit distinct signals and thus mediate
different cell functions; NKp30a and NKp30b are immunostimulatory isoforms that
trigger Th1 cytokine production. In contrast NKp30c promotes IL-10 secretion, relaying
an immunosuppressive signal through rapid phosphorylation of p38 MAP kinase. An
additional layer of regulation could be provided by the existence of several glycosylation
profiles of NKp301%.

The human cytomegalovirus (HCMV) tegument protein pp65 was shown to bind

NKp30, leading to a general inhibition of the NK cell ability to kill infected and tumor
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cells™. The decrease of the activating signal was due to the CD3¢ dissociation from

NKp30 upon pp65 interaction, thus acting as an immune suppression mechanism
during HCMV infection.

The intracellular BAT3 protein was found to bind and activate NKp30™8. Although
BAT3 has a C-terminal nuclear localization signal and lacks a putative secretory leader
peptide, it can be directed to the cell surface or even secreted after heat shock.
Moreover, BAT3 was shown to be expressed on the membrane of exosomes released
from immature DC8. Accordingly, NK-dependent lysis of immature DC was inhibited by
BAT3 antiserum.

Several groups have shown the constitutive expression of NKp30 ligands on tumor
cells by assessing the binding of soluble NKp30™2. However, only one ligand, B7-H6,
was demonstrated to be clearly involved in NKp30-mediated tumor cell recognition?2.
B7-H6 is a surface protein similar to other members of the B7 family. In contrast to B7.1
and B7.2, that recognize both CD28 and CTLA-4, B7-H6 is not promiscuous since it
does not bind any other CD28 family members nor other NCRs'2. Similarly to NKp30,
but in contrast to other B7 members, a functional B7-H6 gene is missing in Mus
musculus.

Strikingly, B7-H6 transcripts have not been detected in most normal adult tissues,
consistent with the absence of the protein on circulating cells isolated from healthy
individuals. In contrast, B7-H6 cell surface expression is observed in a restricted panel
of tumor cell lines from various origins including lymphoma, leukemia, melanoma, and
carcinoma as well as on primary tumor blood cells’®. The pattern of B7-H6 expression,
which appears so far to be limited to tumor cells, is another example of stress-induced
self-recognition by NK cells1®. However, in pilot experiments, treatment of some NKp30
ligand-negative tumor cells with a panel of DNA-damaging agents had no major effect

on B7-H6 expression.

1.2.2.1.2 NKp44

NKp44 is a type | transmembrane protein that is noncovalently associated in the
plasma membrane with a disulfide-linked homodimer of the DNAX-activation protein of

12 kDa (DAP12; also known as Kkiller cell-activating receptor-associated protein
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(KARAP)22 DAP12 is a transmembrane accessory protein that contains an ITAM,
which transduces intracellular activation signals.

The NKp44 molecule (encoded by the NCR2 locus) is expressed on the surface of
IL-2 stimulated, but not on resting human NK cells, and therefore is referred to as an
activation-induced triggering receptor’. Anti-NKp44 mAb can reduce NK cell
cytotoxicity toward certain tumor target cells, thereby indicating that these targets
express appropriate ligands for the receptor®®. However, the identity of NKp44 ligands
on tumors is currently unknown. Viral hemagglutinins have been reported to interact
with sialic acid determinants on NKp44 and another NCR, NKp46, to promote cytolysis
of influenza, West Nile virus and Dengue virus-infected target cells'#-'2* Moreover, an
unidentified cellular ligand for NKp44 is expressed during HIV-1 infection and is
correlated with both the progression of CD4" T cell depletion and the increase of viral
load. CD4" T cells expressing this putative ligand are highly sensitive to the NK lysis
activity mediated by NKp44* NK cells'2.

NKp44 transcripts have only been detected in human NK cells. However, some
Vy9V&2 v8 T cell clones were found to express NKp44%, suggesting that a subset of T
cells may also express this receptor. More recently, NKp44 was also shown to be
expressed in lineages of IL-22" cells and LTi-like cells that are distinct from

conventional NK cells!2,

1.2.2.1.3 NKp46

NKp46 is the only NCR to have a functional ortologue in mice212. Similarly to
NKp44, NKp46 has been shown to directly interact with viral hemagglutinin and its
engagement with these structures induced NK cell activation®. Along this line,

121,127
E)

influenza infection has been reported to be lethal in NKp46-deficient mice and

NKp46 was shown to play an important role in the innate immune response to human
influenza'®.

Although the role of NKp46 in tumor cell recognition is not clear, a recent study
reported enhanced in vivo growth of lymphoma tumors in NKp46-deficient mice®32,
Moreover, human melanoma cell lines were shown to express (yet unidentified) ligands

for NKp46™2!, In a different context, the activating receptor NKp46 is essential for the
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development of type 1 diabetes’®2, mediating the recognition and killing of human and
murine Pancreatic B cells'3. NKp46 is also expressed by various cell types, other than
NK cells. NKp46 expression identifies a functionally distinct NKT subset in mice and
humans®, and it is also expressed in the LTi cell lineage®2. Microbial flora drives IL-22

production by intestinal NKp46* cells that provide innate mucosal immune defense®3,

1.2.2.2 NKG2D

NKG2D is a C-type lectin receptor shared by NK, yd and conventional CD8 T
lymphocytes. It recognizes the MHC class | chain-related A or B (MICA/MICB) and
UL16 binding proteins (ULBP1-6) expressed in humans; and RAE (retinoic acid early
inducible proteins), MULT and H-60 (dominant minor histocompatibility antigen) proteins
expressed in mice®32138 NKG2D ligands are not expressed by most normal tissues
but are upregulated in many epithelial tumor cells, virus or bacteria-infected cells, and
“stressed” cells®22132

Expression of NKG2D on the cell surface requires its association with DAP10, a
transmembrane-anchored adaptor protein expressed as a disulfide-linked homodimer2.
IL-2 stimulation increases NKG2D surface expression by increasing DAP10 mRNA and
a large up-regulation of DAP10 protein synthesis. On the contrary, TGF-p11%2 or IL-211%
treatment leads to the down-regulation NKG2D protein on human NK and CD8* T cells.

Crosslinking of the NKG2D receptor on murine NK cells triggers several effector
mechanisms on NK cells (e.g. mobilization of intracellular Ca*, production of cytokines
including IFN-y, GM-CSF, TNF-a, and production of chemokines such as macrophage
inflammatory protein (MIP-1p)22141142 Depending on the levels of NKG2D ligands, the
stimulatory signal can override coexisting inhibitory signals provided by the same target
cells’®. However, the stimulatory signal provided by NKG2D is not entirely refractory to
inhibitory signals!®3. Sutherland et al. observed that stimulation of human NK cells with
soluble NKG2D ligands resulted in the activation of Janus kinase 2, STAT5, MAPK and
PI3 kinase/Akt signal transduction pathways™41%2. NKG2D can trigger strong cytotoxic
and cytokine responses mediated by the PI3K signaling pathway, with the help of the
adaptor protein Grb2. NKG2D initiates PI3K activation, via a YxxM motif in the
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intracytoplasmic domain of DAP10, lead to MAPK phosphorylation and intracellular
calcium release.

Triggering of the NKG2D receptor alone is sufficient to stimulate NK cell activation.
By contrast, the engagement of NKG2D alone in naive and effector CD8 o3 T cells
remains unable to trigger any effector or proliferative response. A recent study suggests
that this could be due, in part, to regulation of human DAP10 gene expression
downstream of TCR ligation. Because DAP10 and CD28 share the same YxxM
intracytoplasmic motif, NKG2D is supposed to play a similar co-stimulatory role than
CD28 and thereby refine TCR activation*®1%Z. |n CD8" T cells and (y8 T cells™),
NKG2D provides a co-stimulatory signal that synergizes with T cell receptor

142146149 Hence, interactions of NKG2D with induced ligands may provide

signa
functions appropriate to the cells in which it is expressed.

A low level of MICA/B expression is maintained on the epithelial cells lining the
gastrointestinal surfaces, which may be due to interactions of these cells with various

”ﬁ

environmental “stressors™=. Direct evidences of NKG2D contribution during anti-tumor

responses have been demonstrated for NK cells and CD8 aff T cells in mouse

|@

lymphoma model*2 and for v T cells in a mouse model of skin carcinomas™*.

1.3 vo TCELLS

v T cells were discovered 25 years ago™ 12, Since then, they have been intensely
studied, in a global effort to unravel their intriguing features, concerning development,

antigen recognition, activation and function®123

. v0 T cells are typically considered a
“first line of defense,” a “bridge between innate and adaptive responses”. However, the
roles of yo T cells in immunity are not yet fully understood, mostly because of their
complex biology.

Several distinct features characterize murine y6 T cells. They were shown to
recognize conserved stress-induced antigens, conferring broad anti-tumor and anti-

infectious reactivity. They rapidly acquire a memory/pre-activated status in “naive”
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animals (i.e. not exposed to the bona fide eliciting agent), and they generally locate
outside classical secondary lymphoid organs. In fact, although y3 T cells represent only
a minor portion of peripheral blood CD3* T lymphocytes?, they comprise up to 50 % of
T cells in epithelial-rich tissues (skin, reproductive tract and intestine)**. Furthermore,
they express a highly restricted yd TCR repertoire in particular tissue locations,
presumably as the consequence of the coordinated acquisition of a restricted set of
TCR, homing receptors and functional properties during their development. Many of

these features are also shared by human v8 T cells.

1.3.1 10 TCR repertoires

The y6 TCR may be rearranged with two (and three in case of humans) Do
segments at the same time and in all possible reading frames. Some other mechanisms
(insertion of N and P nucleotides or imprecise V(D)J joining) also increase the
possibility to generate diversity in the y§ TCR2Z. While the number of available TCR
Vy and Vb elements is small, the yo6 TCR repertoire is likely to be at least as diverse as

the ap TCR or the Ig repertoire?2. However, most murine 8 T-cell subsets have no

Species  Peripherallocation PredominantV gene V(D))
seagment usage diversity
Mouse Adult thymus Diverse High
Spleen Vyland Vy4 High
Lymph nodes Diverse High
Epidermis Vy5Vél Invariant
Liver Vy1Vé6.3, Vy4 and Vy6 Intermediate
Gut epithelia Vy7Vé4, Vy7Vé5 and Vy7VE6  Intermediate
Uterovaginal epithelia Vy6Vd1 Invariant
Lung epithelia Vy4 and Vy6 Intermediate
Human Thymus Vé1 High
Peripheral blood VyoVaz Intermediate
Spleen Vé1 High
Liver V&1 and Va3 High
Gut epithelia V81 and Va3 High
Dermis Vé1 High

Table 4. y5 TCR repertoires. Adapted from Bonneville et al. 2010
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junctional diversity; they have a short complementarity-determining region 3 (CDR3)
and are essentially an oligoclonal cell population (Table 4). This is true for Vy5-Vé1 y6 T
cells in the skin (dendritic epidermal T cells; DETCs), and Vy6-V31 v6 T cells of the
uterine epithelia. These yd cell subsets have been described in mice and rats but not in
humans®13L Throughout this thesis, we use the Vy gene nomenclature of Heilig and

159

2151157158 for rodent y& T cells and Lefranc and Rabbitts'®® for human vy T

Tonegawa
cells.

In humans and non-human primates, responses to small non-peptidic metabolites
known as phosphoantigens are multi-clonal yet limited to a single yo T cell subset
(Vy9Voe2 T cells). Numerous studies have documented peripheral TCR selection,
including human diseases such as polymyositis and multiple sclerosis. However, how
the selected TCRs might be functionally different is not clear, because their ligands
remain unknown®®. The preferential expression of certain TCR Vy and Vo elements in
different anatomical sites is usually considered to reflect the importance of a particular
v8 T cell subset in the local immune surveillance®®®*. Individual v5 T cell subsets in
particular tissue locations show biased use of certain TCR V gene segments and, in
some cases, express 'invariant' TCRs with identical (canonical) junctional sequences.
These invariant yd T cell subsets are derived from early 'waves' of fetal yd thymocytes,

unlike peripheral subsets that express more diverse y6 TCRs.

1.3.2 Ligand recognition by y8 T cells

Immunologists have been searching for ligands for yd TCR for about two decades.
However, this proved to be a very difficult task, as very few peptide antigens have been
found to bind yd TCR (Table 5). It is well established that yd T cells express adaptive
antigen receptors encoded by rearranging genes. However, a paradigm is lacking for yd
T cell ligand recognition. Although yd T cells do not specifically respond to allo-antigens
and do not show MHC-restricted specificities involving conventional antigens, some o
T cells are capable of recognizing classical MHC molecules and related cell-surface
proteins, including the CD1 molecules'®. Moreover, the crystal structure of a murine v8

TCR in complex with the T10/22 molecules has been solved'®. Murine non-classical
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MHC class | molecule T10/T22 proteins (thymus leukemia, TL, antigens) are up-
regulated in activated or stressed cells. The structure showed an interesting molecular
interaction, very different from those of most MHC-restricted o TCRs and their MHC-
ligands™®2. In humans, much of the research has been concentrated on V81 and Vy9V§2

T cell subsets.

yo T cell ) . o ) MHC TCR-
Protein source Peptide origin, name (epitope) o
source restriction |dependent

Mycobacterial (180—-196)

HSP-60 E. coli (181-197) No Yes
Mouse Mammalian (205-221)
Undefined Several, - HSP-70 BiP motif No Yes
Insulin B chain B:9-23 No Yes
Retinal S-antigen PDSAg (341-354) ? ?
Rat
HLA-B B27PD (125-138) ? ?
HLA-
Tetanus toxin C. tetani (1235-1246) Yes
DRw53
Human
Ig A light chain Processed peptide No Yes
Listeriolysin O L. monocytogenes (470-508) No Yes

Table 5. Responses of y8 T cells to specific peptides. Adapted from Born et al. 20112,

1.3.3 V31 T cells

10-30% of human peripheral blood y6 T cells expresses V31 in association with
various Vy elements?®1%8, Quantitative increases in circulating Vy1 cells are observed in
HIV infections and, even more strikingly, in human cytomegalovirus (HCMV) infections
following renal transplantation’®*. Under physiological conditions, however, the primary
localization of Vé1-expressing yd T cells is not the peripheral blood but rather the
intraepithelial T cell compartment of the intestine, where V51 cells constitute the major T

26,54

cell population=**. The recognition of lymphoid malignancies by human yé T cells has
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been mostly assigned to the Vy9Vo2 subset, whereas y6 T cells expressing the Vo1

TCR have been implied in the defense against epithelial cancers.

1.34  Vy9Vé2 T cells

Vy9Vo2 T cells are the best characterized yd T cell subset in humans. Although less
frequent in childhood, they account for 70-95% of human adult circulating v T cells™2,
This expansion of peripheral blood Vy9Vs2 T cells after birth is associated with an early
acquisition of a memory phenotype and strong cytolytic and Th1-like effector functions.
The exposure to environmental and/or bacterial antigens (see below) might shape the
v& TCR repertoire during postnatal development22163.164

The role of Vy9Vé2 T cells in immune biology and diseases have been difficultated
by the fact that mice do not express homologues of Vy9Vé2 TCR, and there is no
functional equivalent of these cells in other small laboratory animals. The only
alternative model are non-human primates. Macaque Vy or V3 elements share up to
91% similarity in amino acid sequences to their human counterparts.

Similarly to NK cells, activation of Vy9Vé2 T cells does not require antigen
processing and restriction by MHC molecules. In fact, most human peripheral blood y3
T cells lack MHC restriction by classical MHC class | or class |l molecules®®1€
Correspondingly, Vy9Vs2 usually lack CD4 and CD8 co-receptor expression and thus
display a ‘doublenegative’ phenotypeZ.

The ligands interacting with the Vy9V52 TCR on tumor cells have not been identified
in detail. Besides the TCR, the cytotoxic activity of Vy9Vé2 T cells is influenced by the
expression of several co-receptors, including the typical NK cell receptors (KIRs and
KARs), explaining the stronger cytolysis of targets with reduced or missing MHC class |
expression8.168

Vy9Ve2 T cells also qualify as professional APCs. They are capable of antigen
uptake, processing and presentation to a3 T cells, and of induction of primary o3 T cell
responsesL. For example, a large fraction of tonsillar yd6 T cells are activated and
express high levels of MHC Il and the CD28 ligands, CD80 and CD86°".
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The ability of Vy9Vé2 T cells to interact with various other immune cells can help in
the course and outcome of a variety of inflammatory immune responses. Activated
VyOVe2T cells produce proinflamatory cytokines (TNF-o. and IFN-y) and chemokines
(MIP 1a/p and lymphotactin). In addition, it has been reported the production of
fibroblast growth factor-9 (FGF-9) and connective tissue growth factor (CTGF),
indicating that yo T cells have a distinct role in local immunosurveillance and tissue

repairi®®120

1.3.5 Structure of the Vy9Vvé2 TCR

Ligand recognition by y6 T cells shares more features with antigen binding of
immunoglobulins than peptide/MHC recognition by ap T cells®2. In fact, sequence
analysis of the Vy9Vs2 TCR showed that V6 more closely resembles the variable
immunoglobulin heavy chain domain (VH) than TCR Va or VB domains™™12, Like the
immunoglobulins, where the CDR3 of the IgH chain makes a major contribution to
receptor diversity and specificity, the TCR-6 CDR3 in the yd TCRs contributes the most
to receptor diversity. Not surprisingly, in mice, TCR-6 CDR3 is solely implicated in the

161,162,173

recognition of the T10/22 molecule, both structurally and functionally , and other

studies provided further evidence for the importance of this particular portion of the o
TCR in the recognition of additional ligands™.

The aminoacid sequences of yd TCR domains have their analogous domains in
Fabs and af TCRs, although with some differences?. The CDR loop (site of antigen
recognition) of the V domains of Vy9Vé2 TCR exhibits more protrusions and clefts
compared to the flatter surfaces of o TCRs that bind a peptide/MHC complex and of
antibodies that bind protein antigens®. CDR1 and CDR2 fragments are encoded by
germ line V genes, whereas the CDR3 is formed by somatic rearrangement of V(D) and
J fragments. Sequence diversity in antigen receptors is not evenly distributed among all
six CDRs but is highly concentrated in one or two CDR3. It had been proposed that the
principal antigen specificity of an immunoglobulin or TCR is derived from its most
diverse CDRS3 fragments (5).
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1.3.6 Ligands recognized by human Vy9Vvé2 TCR

1.3.6.1 Non-peptide ligands

Human Vy9Vo2 T cells can be efficiently activated by small phosphate or amine
175-177

containing compounds, called phosphoantigens , as well as alkylamines from

several sources”® and aminobisphosphonates”.

1.3.6.1.1 Phosphoantigens

Early in vitro studies indicated that Vy9Vé2 T cells strongly react in a non-MHC
restricted fashion towards inactivated Mycobacterium tuberculosis and a variety of other

microorganisms, including Plasmodium falciparum, Toxoplasma gondii, Yersinia

enterocolitica, Francisella tularensis®>168175180.181 |t \ya5 found later that the y& T cell-
stimulating moiety of microbial extracts was not protein, but rather consisted of non-
proteinaceous, phosphatase-sensitive,  low-molecular-weight compoundsi&-182,
Different types of phosphorylated ligands were isolated from Mycobacteria, including
four structurally related phosphoesters (so-called TUBag [1-4])'2 1996). The other
identified phosphate-containing antigens were isopentenyl pyrophosphate (IPP) and its
isomer dimethylallyl pyrophosphate (DMAPP). These molecules were collectively
termed Phosphoantigens®183184  This class of compounds contains in fact several
members, naturally produced or synthetic, able to slightly or heavily activate Vy9Vé2 T
cells!®, The most potent natural phosphoantigen identified to date is a phosphorylated
intermediate of isoprenoid biosynthesis pathway, produced by Eubacteria and Protozoa
but not by eukaryotes, called E-4-hydroxy-3-methylbut-2-enyl-pyrophosphate (HMBPP,
also known as HDMAPP for hydroxy-dimethyl-allyl-pyrophosphate). It was first

181,186

characterized in Escherichia coli and plants.

1.3.6.1.2 The isoprenoid biosynthetic pathways

Isoprenoids are essential metabolites, important for cellular and intercellular biology
and are produced by all living organisms. They constitute a diverse structural family,

comprising, ubiquinones, sterols, terpenes, carotenoids, gibberellins, and taxoids. All of
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these compounds are synthesized through the same precursors, the IPP and its isomer
dimethylallyl pyrophosphate (DMAPP). IPP can be synthesized via two different
biosynthetic pathways. Archaebacteria, few bacterias and most eukaryotes synthesize

IPP from acetyl-CoA through the mevalonate pathway (MVA)&Z

. Cyanobacteria, algae,
plastids and most eubacteria (including M. tuberculosis), produce IPP in a different way,
through a carbohydrate-based route referred to as 1-deoxy-d-xylulose-5-phosphate
(MEP pathway or DOXP pathway; Figure 2). . Which of these two pathways, MEP or
MVA has evolved first remains unknown, since MEP only exists in bacteria and plastids
where it provides most primary isoprenoids instead of the MVA used by Archae®. Both
pathways can be used simultaneously by some bacterial species, but for different roles,
MAP for primary metabolism and MVA for secondary metabolites™2. Vy9Vs2 T cells
recognize metabolites of isoprenoid synthesis that are generated by the MEP pathway
in certain pathogenic microorganisms but not by the mevalonate pathway in other
bacteria and mammalian cells. HMB-PP has a 1000 fold stronger stimulating activity of
Vy9V82 T cells than IPP, probably due, in part, to its non-human origin'®. The high
potency of HMB-PP as stimulator of Vy9Vé2 T cells correlates with the y3 T cell
stimulatory activity of the bacteria exploiting the MEP but not the mevalonate pathway
(ike Mycobacterium tuberculosis and E. coli)®. To a lesser extent, the synthetic
bromohydrin pyrophosphate (BrHPP) is also considered as a strong activator of Vy9Vs2
T cells and is frequently used in experimental procedures?®.

Although highly controversial, some studies suggested an interaction between
Vy9V82 TCR and phosphoantigens™!. However, there is still no evidence for the
existence of a cognate phosphoantigen/TCR direct interaction, since attempts to co-
crystallize phosphoantigens with the Vy9V82 TCR have not succeeded?. More recently,
the Vy9Vé2-selective antigens from human tumor cells were characterized as
endogenous metabolites of the mevalonate pathway and most likely as IPP&. IPP is
the final product of both biosynthesis pathways, and activates Vy9Vaé2 T cells only in the
uM range (medium activity), which, however, is not achieved in normal mammalian cells
(Figure 3) . Vy9Vo2 T cells may sense accumulation of IPP in malignant mammalian
cells®® or cells that accumulate IPP under treatment with inhibitors of the IPP
consuming enzymes of isoprenoid biosynthesis. IPP seems thus to be a sensor of cell
stress.
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Figure 2. 2-C-methyl-D-erythritol 4-phosphate (MEP) and mevalonate pathways

for isoprenoid biosynthesis. Adapted from Morita et al. 2007122,

In plants and yeast, the regulation of the MVA pathway occurs at the HMGR level™®.

High levels of Farnesyl pyrophosphate (FPP), sterols or phenylalanine inhibit HMGR

activity. In mammalian cells, the HMGR activity is inhibited by statins™, by

phenylalanine’ or by a feedback inhibition with aminobisphosphonate-induced FPP

accumulation'®. The HMGR activity, and thus, the whole MVA pathway, were found

increased in cancer cell lines such as leukemia, non-Hodgkin lymphoma®f, mammary

and lung adenocarcinomal®1%2

, in which HMGR activity is controlled by epidermal
growth factor-PI3- Kinase mediated signaling.
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Figure 3. Bioactivities of natural and synthetic non-peptidic phosphoantigens on

human Vy9Vva2 T cells. Adapted from Bonneville et al. 2005

1.3.6.1.3 Aminobisphosphonates

Besides Phosphoantigens, Vy9Voé2 T cells are stimulated in a cross-reactive fashion

164,200

by synthetic or natural alkylamines and therapeutic aminobisphosphonates like

pamidronate. In 1999, Kunzmann et al. discovered that several patients with multiple
myeloma treated with the well-established osteoporosis inhibitor pamidronic acid
presented significantly high numbers of blood-borne v8 T cells?!. Later, it was shown

that Pamidronate activates yo T cells in vitro to secrete cytokines (IFNy), proliferate and
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exhibit strong cytotoxicity against various cancer cell lines”. Curiously, the bioactivity

of aminobisphosphonates required the presence of accessory “Antigen Presenting
Cells” (APCs) treated with this drug prior to the assay with the y8 T cells?2. A wide
variety of tumor cell lines pre-treated with aminobisphosphonates (especially
pamidronate or zoledronate) could efficiently activate Vy9Vé2 T cells to proliferate and
produce cytokines in a TCR-dependent manner?®2, To activate Vy2Vé2 T cells,
aminobisphosphonates must be internalized and exert a statin-sensitive effect, namely
inhibiting the endogenous MVA pathway!®¢. Thus, the aminobisphosphonates cause a
pharmacological inhibition of the mevalonate pathway in the treated cells, leading to IPP
bioaccumulation. Aminobisphosphonates are inhibitors of the farnesyl pyrophosphate
synthase (FPPS), an enzyme acting downstream of IPP synthesis along the isoprenoid
pathway!®¢. Accordingly, more potent aminobisphosphonates analogues for both MVA
inhibition and yo T cell activation are now available, such as zoledronate or
ibandronate?®. Non-amino bisphosphonates inhibitors for osteoporosis such as
etidronate or clodronate neither inhibit the MVA pathway nor enable y5 T cell activation
by etidronate- or clodronate-treated cells, respectively. Nonhuman

191

aminobisphosphonate-treated target cells also fail to activate Vy9Vé2 T cells™

suggesting implication of species-restricted molecules during this activation process.

1.3.6.1.4 Alkylamines

Similarly to aminobisphosphonates, alkylamines were shown to inhibit FPPS activity.
Thus, Vy9V62 T cells should be activated through accumulation and presentation of
phosphoantigens in such treated cells. Alkylamines are structurally composed of non-
phosphate short alkyl chains bearing a terminal amino group. Prototypic bioactive
alkylamines are ethylamine and sec-butylamine, present in wine and green tea, and
produced by certain plants and bacteria. Listeria monocytogenes, Bacterioides fragilis,
Proteus morganii, Clostridium perfringes, and Salmonella typhimurium produce
alkylamines in concentrations able to activate Vy9V52 T cell responses®. Contrary to
phosphoantigens, they only work in the mM range (weak activity). The activated yo T
cells then release, mainly, Th1 cytokines. For this reason it is thought that alkylamines-

rich diets may contribute to prevent food allergies™*.
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1.3.6.2 Peptide Ligands

1.3.6.2.1 Self- ligands

Most of the well-defined self-ligands of the yo TCR belong to a group of self-
molecules potentially capable of indicating cellular “stress” or activation. Accordingly,
several self antigens have been found to bind Vy9Vé2 TCR, including heat shock
protein-65 (HSP-65), phospholipid cardiolipin (CL), ULBP-4 and F1-ATP synthaseZ®.

Heat-shock proteins

Because of their role as sensors during cell stress or transformation, HSP-58, HSP-
65 and HSP-70 were initially proposed as antigenic targets for yd T cells. These
proteins were shown to be upregulated on tumors, where yd T cell had infiltrated,
suggesting HSP65-dependent recognition of tumor «cells by Vy9Vé2 T
lymphocytes™22%  Recently HSP-60 was identified as a ligand for Vy9Vs2 TCRIZ,
However, more studies are needed to access their biological role. It is possible that
HSP may indirectly contribute to y6 T cell activation, e.g. through regulation of y5 T cell
antigen processing or through the generation of TCR-independent costimuli such as

interaction with innate receptors or induction of innate receptor-ligands.

F1-ATPase

Recently, Scotet et al. described the direct binding of the Vy9Vs2 TCR to Ecto-F1-
ATPase, a form of the mitochondrial ATP synthase (ATPase), ectopically expressed at
the cell membrane. This receptor was identified by screening mAbs able to inhibit the
recognition of tumor cell lines by Vy9V&2 T cells in vitro?Z. F1-ATPase is recognized by
Vy9Vé2 TCR in a complex with the serum protein Apolipoprotein A1 (ApoA-1). These
components seem involved in endogenous phosphoantigen presentation, considering
ecto-F1-ATPase capacity to bind and present triphosphoric acid 1-adenosin-5'-yl ester

3-(3-methylbut-3-enyl) ester (Appp!)2%

. Apppl is an intracellular nucleotidic metabolite
containing an isopentenyl moiety which accumulates in Aminobisphosphonate treated
cells. Apppl can specifically activate Vy9Vé2 T cells, but not in its native form. Indeed,
optimal activation by Apppl requires addition of a nucleotidic pyrophosphatase (NPP),

releasing therefore IPP and AMP. In this regard, Apppl should represent an inactive
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storage form of phosphoantigens which may bind to ecto-F1-ATPase before cleavage
by NPP, thus generating IPP which in turn will stimulate Vy9V§2 T cells?®%.

However, the biological relevance of this interaction is still being addressed. It is
possible that mitochondrial antigens could be an alerting signal that indicates the state
and fate of the cell. On the other hand, the interaction between these two molecules
could be justified by the specific microbial origin of mitochondria, carrying antigens

similar to modern microbes.

ULBP-4

ULBP-4 expression is detected on the cell surface of EBV-infected cells as well as
on colon, ovarian and liver cancer cells, suggesting that ULBP-4 may play a role in anti-
infection and anti-tumor immunity. A recent study demonstrated that immobilized
soluble ULBP-4, not only induces proliferation, cytokine production and cytotoxic activity
of human ovarian and colonic carcinoma-infiltrating V62 T cells in vitro, but importantly
binds directly to soluble Vy9Vé2 TCR and stimulates the activation of Vy9Vé2 Jurkat
transfectants (lacking NKG2D expression)>
indicate that both NKG2D and y8 TCR are involved in ULBP-4 recognition®®. This raises

questions about the already controversial hierarchy occurring between NKG2D and

. Moreover, blocking experiments also

VY9Vé2 TCR in yd T cell activation and target recognition.

1.3.6.2.2 Non-self ligands

Tetanus toxoid, a strong immunogen derived from a protein, the tetanospasmin of

Clostridium tetani, was the first defined antigen reported capable of stimulating yo T cell

responses?221% Others that followed include Ig A light chain?, viral proteins such as

glycoprotein | from Herpes simplex¥2, and staphylococcal enterotoxin AZ3. More

recently, the defined mycobacterial protein ESAT-6 was found to stimulate y& T cells?*,

and this may not be the only mycobacterial protein recognized by yo T cells®2,
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1.3.7  Vy9Va2 T cell activation

The immunological synapse (IS) is composed of two concentric regions based on
their molecular composition, where the TCR-enriched central supramolecular activation
cluster (cSMAC) is surrounded by the integrin-rich peripheral SMACZ. Vy9V&2 T cells
require strong TCR engagement to fully induce the activation of their effector
functions®. When co-cultured with the myelomonocytic THP-1 tumoral cell line, Vy9V§2
T cells establish a mature IS containing TCR/CD3 complex, CD2, CD94 and NKG2D,
whereas LFA-1, CD45 and the activation marker CD69 remain excluded of the central

area?®. CD6 expression was also described as an important driving force of the IS

during tumor cell recognition by Vy9Vs2 T cells?Z.

Vy9Vé2 and a3 TCR are differently organized on cell surface. Nanoscale imaging
provided some evidence of a unique distribution of Vy9Vé2 TCR on cell surface of
resting yo T cells, as compared with aff T cells?. Indeed, prior to phosphoantigen
(namely HMB-PP) stimulation, Vy9Vé2 TCR are associated into scattered nanoclusters
whereas aff TCR expression is predominantly distributed into fewer but larger clusters.
Vy9V62 TCR nanoclusters associate in high density nanodomains similar to those
observed in af T cells supramolecular activation clusters. So, in agreement with the
mature IS formation process described previouslyﬁ, nanoclusters may take place
during preliminary steps of IS establishment - i.e. focusing of TCR and NKR (NK cell
receptors) in a central synaptic area surrounded by LFA-1, CD45 and CDG69 - whereas
high density nanodomains, set up following phosphoantigen activation, may act as

platforms for fully functional intracellular signaling and effector functions triggering.

1.3.8 Costimulation requirements of Vy9Vé2 T cells

Similarly to NK cells, Vy9V32 T cell activation is controlled by the engagement of
numerous surface receptors with either inhibitory or activating properties. However, the
integration of signals via the ydTCR and other receptors probably produces unique
responses and distinctive functions. These receptors presumably ensure efficient
discrimination by Vy9Vé2 T cells of “stress” vs. “normal” cell target through MHC, MHC-

like and non-MHC ligands that are under- or over- expressed in transformed or infected
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cells. Besides the T cell receptor, other molecules contribute to Vy9Vo2 T cell activation,
including adhesion molecules, scavenger receptors, Toll-like receptors (TLR) and NKRs
(Figure 4)2. | review here the literature on the receptors more clearly implicated on
Vy9Vé2 T cell activation. Other costimulatory molecules have been recently reviewed by
Ribot et al, 2011%2,

76 Tcell APC

Figure 4. Prototypic costimulatory recep-

NKG2D-L tors of Vy9V82 T cell activation. Adapted
from Ribot et al, 2011%2,

1.3.8.1 CD28
CD28, the receptor for B7.1 (CD80) or B7.2 (CD86), is the primary co-stimulatory

receptor of aff T cells. CD28 ligation is known to promote proliferation, survival and

cytokine production of CD4" and CD8" T cells, and those responses are very frequently
impaired in CD28" mice??2. CD28 is upregulated upon activation in mouse v8 T cells
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and it is expressed by 40-60% of freshly isolated human peripheral blood y& cells?2.

However, resting murine yd splenocytes and ruminant yd T cells , mostly lack CD28, and
peripheral blood y6 T cells downregulate CD28 upon activation. Although some reports
suggested that CD28 costimulation promotes the proliferation of peripheral yo T cells,
other biological processes appear to be CD28-independent?™. Thus it is not clear that,
as a general rule, yd T cells use CD28 for interaction with B7 (+) professional
APCs%21  However, recent data in the host laboratory suggests that B7-CD28
interactions play an important role in phosphoantigen-mediated activation of Vy9Vé2 T

cells (J. Ribot, A. de Barros and B. Silva-Santos, unpublished observations).

1.3.8.2 DNAM-1

DNAX accessory molecule-1 (DNAM-1, aka CD226), a transmembrane glycoprotein
tightly associated with LFA-1, is emerging as a key NK cell co-activating receptor in
immunity to human cancer?2, as shown for neuroblastoma?®, ovarian carcinoma®?,
and hematopoietic malignancies??®. Both PVR and Nectin-2 represent
specific ligands for DNAM-1. DNAM-1 participates in cancer cell recognition together
with NCRs and, to a lesser extent, NKG2D?2. Decreased expression of DNAM-1 has

227,228

been observed on NK cells from acute myeloid leukemia patients . In mouse,

DNAM-1 is a crucial component of T cell-mediated immunological surveillance and
partially contributes to NK cell-mediated lymphoma rejection?®. In humans, Vy9Ve2 T
cells were shown to express DNAM-1, and upon recognition of ligands expressed by
hepatocellular carcinoma cells, DNAM-1 signals increase Vy9V52 T cell cytotoxicity and

IFN-y secretionZ%,

1.3.8.3 CD27

CD27 (TNFRSF7) plays critical roles in ap T cell activation, particularly in response
to viral or tumor challenge®. In naive C57BI/6 mice, the expression levels of CD27
define two distinct and stable subsets of v T cells?223!, |n the spleen, lymph nodes and
various other tissues, approximately 75-90% of yd T cells are CD27". Upon activation,

these cells make IFN-y, whereas IL-17 is only produced by their CD27 counterparts.
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Interestingly, these distinct phenotypes are “pre-programmed” in the thymus, where
CD27" v& cells express genes associated with a Th1 differentiation program, while
CD27” thymocytes constitutively express IL-1722L. Ligation of both TCRy8 and CD27%!
are required for the differentiation of IFN-y-producing yd T cells, whereas the Th17-like
pathway is preferentially driven by cytokines such as TGF-B. In the periphery, CD70-
CD27 interactions provide survival and proliferative signals that control TCRy3-driven
activation. Thus, CD27 signaling activated the non-canonical NF-kB pathway and
enhanced the expression of anti-apoptotic and cell cycle-related genes&'&’ﬁ.

In humans, an average of 80% of V\y9V&2 T cells express CD27%2 including both
naive and central memory cells®%. Upon activation with PMA and ionomycin, the vast
majority of CD27" Vy9V2 T cells produced IFN-y, whereas less than 1% made IL-17%2,
The administration of soluble recombinant CD70 enhanced Vy9Va2 T cell proliferation,
whereas anti-CD27 (or anti-CD70) mAbs reduced it. A major role of CD27 costimulation
appears to be the protection from activation-induced-cell-death (AICD) following
phosphoantigen stimulation?2. Interestingly, CD70 is highly induced in Vy9V&2 T cells

after stimulation with phosphoantigen.

1.3.8.4 TOLL-like receptors

Toll-like receptors belong to the pattern recognition receptor family and recognize
molecules that are broadly shared by microbial pathogens referred to as pathogen
associated molecular patterns (PAMP)2,

The role played by TLRs expressed by yd6 T cells is not completely understood.

However, TLR2, TLR3 and TLRS are expressed by Vy9Vé2 T cells and these cells

respond to the TLR2 agonist Pam3Cys and the TLR3 synthetic agonist poly(l:C)%%.

Nevertheless, the observed response requires simultaneous stimulation of the y6 T cell

receptor?®™22 These results suggest an early activation of v§ T cells in antiviral
immunity. It appears that rapid activation of Vy9Vé2 T cells by TLR agonists occurs
indirectly, e.g. in response to inflammatory cytokines released by myelomonocytic

cells?4?,
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Scotet et al. recently showed that various TLR ligands engaging either TLR-3, -4, -5
and -9 triggered early activation and IFN-y production by the majority of Vy9Vé2 PBMC
after short-term in vitro incubation. This phenomenon was tightly dependent on type |
IFN release by DC (either monocytic or plasmacytoid) in response to TLR
engagement?:). This behaviour is not restricted to y8 T cells but primarily reflects their

predominant innate-like memory phenotype.

1.3.8.5 Fc Receptors: CD16
NK cells are able to detect IgG antibody-coated cells through the FcyRIIIA (CD16)

cell surface receptor and to exert antibody-dependent cell cytotoxicity (ADCC) and
cytokine production. Specifically, higher cytolytic activity and early IFN-y production is a
functional property of CD56(dim) CD16+ NK cells?*2. CD16 is coupled to the CD3¢ and
FcRy signal transduction proteins bearing ITAMSs.

Besides NK cells, a subset of Vy9Vo2 T cells has been shown to express CD16.
CD16 upregulation is associated with terminal differentiation into effector cells of both
ofy and y5 T cells. Interestingly, Angelini et al. showed that this phenotypic differentiation
was associated with decreased Vy9Vs2 TCR signaling that paralleled enhanced CD16-
mediated T cell activation?2. The mechanisms underlying the balanced contribution of
TCR versus CD16 signaling along y6 T cells functional differentiation remain unclear.
Nevertheless, experiments led by Lafont et al. have highlighted the role played by CD16
engagement in y& T cells. Indeed, cross-linking of CD16 on Vy9Vé2 T lymphocytes
initiates intracellular signaling events similar, although significantly delayed, to those
occurring following TCR activation. Moreover, as observed with the TCR activation
process, CD16 triggered TNF-a production can be efficiently inhibited by the coincident
ligation of CD94/NKG2A%,

1.3.8.6  Natural Killer cell-inhibitory receptors (iNKRs)

As previously reported for NK cells, most human peripheral blood Vy9Vé2 T cells

express several inhibitory Natural Killer receptors, including killer Ig-like receptors (KIR),
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leukocyte Ig-like receptors (LIR) and lectin-like receptors (such as the NKG2A/CD9%4
heterodimer).

The heterodimer CD94/NKG2A is regarded as a crucial complex molecule for the
inhibition of v5 T cell responses #2°.. Most of these inhibitory NKR decrease the killing of
target cells expressing high levels of either classical and/or non-classical MHC
molecules. Due to the broad cellular distribution of some Vy9V52 TCR agonists such as
IPP, which are up-regulated on transformed cells, MHC class I-specific inhibitory NKR
may selectively down-regulate recognition of healthy cells by Vy9vs2 CTL1128624%
Accordingly, INKR masking increases Vy9Vé2 T cell killing of several hematopoietic and
non-hematopoietic tumors2, Recently, HLA-G, a non-classical MHC | molecule, was
shown to impair Vy9Vo2 T-cell cytotoxicity by interacting with ILT2 inhibitory
receptor?®2%2. Probably much more will be discovered, since non classical MHC class

Ib molecules play very important roles in CD8" and NK cells®

1.3.8.7 Natural Cytotoxicity Receptors: NKp44

A recent study characterized polyclonal Vy9Vé2 T cells expressing NKp44, a
member of the NCRs previously described in NK cells22. NKp44 seems involved in
cytotoxicity of Vy9Vé2 T cells against multiple myeloma cell lines lacking expression of
NKG2D ligands. However NKp44™ Vy9Vs2 T cells could only be induced in vitro by
stimulation with complex cytokine cocktail protocols, and the percentage of NKp44™ v5 T
cells in culture was very low?2. This raises questions about the biological role of NKp44
on Vy9Va2 T cells.

1.3.8.8 NKG2D

As described for NK cells, essentially all Vy9Vo2 T cells also express NKG2D on
their cell surface. NKG2D is an activating C-type like lectin noncovalently associated
with the adaptor molecule DAP10 (which enables signal transduction).

The expression of NKG2D ligands, ULBPs and MICA/B in humans (Rae1, H60, and
MULT-1 proteins in mice), modulated in response to stress or as a result of

transformation, provides a means by which yd T cells may recognize tumors'®. MICA/B
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and ULBPs are frequently expressed on the surface of tumor cells efficiently killed by
VyOVe2 T cells. Several studies have emphasized the contribution of NKG2D for tumor
immunosurveillance®!, and particularly Vy9Vo2 T cells displayed cytotoxicity triggered
through NKG2D stimulation against a wide range of tumor cell lines such as colon,
colorectal and pancreatic carcinomas, melanomas®22#, lymphomas and leukemias®>.
NKG2D” mice have impaired Immunosurveillance of epithelial and lymphoid
malignancies in two transgenic models of de novo tumorigenesis.

As described for NK cells, some studies reported the ability of Vy9Vé2 T cells to
trigger effector responses through NKG2D stimulation alone®*2% However, others
have failed to show any Vy9Vé2 T cell NKG2D-induced activation without coincident
TCR stimulation (as is described for CD8" T cells)!3714¢148 gych discrepancies may be
due to different activation status of yo T cells as a result of different cell culture
conditions. More recently, Nedellec et al. showed that, while NKG2D per se could not
induce calcium flux, its co-engagement significantly augmented the intensity of
TCR/CD3-mediated responses, which also translated into enhanced cytotoxic activity.
By contrast, the production of IFN-y was unaffected by NKG2D costimulationi%2.

v T, CD8" af T lymphocytes and natural killer (NK) cells display different sensitivity
to signals delivered via NKG2D. All the three effector cell populations activate
Akt1/PKBa through the engagement of this molecule. Upon binding to leukemic cells
expressing NKG2D ligands (NKG2DL), including chronic lymphocytic leukemias treated
with transretinoic acid, most y8 T (>60%) and half CD8" af T cells (about 50%) received
a survival signal, at variance with the majority of NK cells (>80%) that underwent
apoptosis by day 527 These biochemical data may explain, at least in part, why v& T
and CD8" ap T cells are cytolytic effector cells more resistant to target-induced

apoptosis than NK cellsZL.

1.3.9  Tumor control by y8 T cells

1.3.9.1  Tumor cell recognition in vitro

Activated Vy9Voé2 T cells isolated from peripheral blood mononuclear cells of healthy

258,259

donors can recognize and kill a large variety of tumor cell lines in vitro , including
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breast cancer®®?, colon and nasopharyngeal carcinomas?22!

262

, melanoma22, pancreatlc

adenocarcinomas
167,263

and particularly a large number of hematopoietic cell-derived

tumorsteL 183,264-267 267

, including Daudi cell line, derived from Burkitt’'s Lymphomas—=
However, the molecular basis of these two distinct susceptibilities remains unclear. It
has been suggested a role for Natural Killer inhibitory receptors (CD94/NKGZ2A) binding
to HLA-I in tumor cells'®228270 An alternative explanation suggests that \V'y9Vs2 T cells
recognize tumor targets (such as Daudi, MOLT-4 and K562), through TCR interaction
with phosphoantigens endogenously produced by tumor cells, and use NKR signals to
fine-tune the cell activation threshold148192208271.272  Racently, DNAM-1 and NKG2D
were described as co-modulators of Vy9Vé2 T cell cytotoxicity against hepatocellular

carcinoma®®. Other studies have shown that heat-shock proteins™ and ULBP-4*2 can

directly bind Vy9V62 TCR and impact on tumor cell recognition, although the biological
relevance of these interactions was not yet fully demonstrated.

The pattern of cytotoxicity mediated by peripheral blood y& T cells is markedly
different from that mediated by NK cells from same individuals, suggesting an influence
of the yo TCRZ2. Another presumably important anti-tumor effect is the induction of IFN-
y-producing Vy9Vaé2 T cells in vivo. Multiple anti-tumor effects have been attributed to
IFN-y, including direct inhibition of tumor growth or more indirect effects such as the
blocking of angiogenesis?. Interestingly, a significant negative correlation between the
serum levels of the angiogenic factors VEGF (vascular endothelial growth factor) and

IFN-y was found in cancer patients treated with AminobisphosphonatesZZ.

1.3.9.2 Mouse tumor models

Conventional mouse models cannot be used to explore the possible anti-tumor
activity of human yd T cells in vivo, due to the lack of Vy9V62 homologous TCR and
thus the reactivity to phosphoantigens. However, Xenogeneic immune deficiency

(SCID) mouse models of human tumors have been established, and revealed the
259,261,262,276-282. Pre-

efficacy of Vy9Vo2 T cells against several human tumors in vivo

activated adoptlvely transferred human Vy9V52 T cells localized to tumors®#%
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active against freshly isolated tumor cells from patients with follicular B lymphoma or B-
cell chronic lymphocytic leukemia (B-CLL)22. Similarly, a high survival rate is obtained
when Vy9V62 TCR™ tumor infiltrating lymphocyte (TILs) (expanded from human
colorectal tumors in vitro) are transferred into Daudi cell-bearing BALB/c nude mice

compared with the transfer of ap TCR" TILs or mice without treatment2®*.

1.3.9.3 Clinical trials

Aminobisphosphonates, such as pamidronate and zoledronate, which were
originally developed as therapeutic drugs for osteoporosis but are increasingly used for
cancer therapy, have also been shown to activate Vy9Vo2 T cells in patients. By
inhibiting the enzyme farnesyl pyrophosphate synthase in the antigen presenting cells,
they provoke an accumulation of natural phosphoantigens (i.e. IPP) in target cells182%,
Zoledronate is efficient at expanding in vitro yd T cells from patients with different

diseases®S.

Several clinical trials tested the efficacy of the administration of
aminobisphosphonate-activated Vy9V&2 T cells to patients with multiple myelomaZ®,
renal cell carcinoma?’ and various other tumors?. These studies revealed no serious

treatment-related adverse effects22¢28.

, and demonstrated efficient expansion of
VyOV82 T cells®®’, and inhibiton of tumor growth?  Administration of
aminobisphosphoantes in conjunction with IL-2 resulted in an anti-tumor partial
response in patients with low-grade non-Hodgkin lymphoma and multiple myeloma®2
and hormone-refractory prostate cancer’®®. However, in these studies, some of the
patients did not respond to therapy.

Alternative strategies considering the adoptive transfer of in vitro expanded tumor-
reactive Vy9Vo2 T cells, were performed with different synthetic phosphoantigens to

treat patients with renal cell carcinoma®?2!

, and produced promising results. In pre-
clinical models, HMB-PP injection in macaques induced a prolonged major expansion of
circulating Vy9Vs2 T cells that expressed CD8 and produced perforin?2, and BrHPP
induced amplification of effector-memory Vy9V52 T cells in cynomolgus monkeys?%.

A general disadvantage of autologous y6 T cell-mediated tumor immunotherapy is
the frequent impaired function of y3 T cells in cancer patients. The anergy of 6 T cells

has impact in the anti-lymphoma effect. This phenomenon has been described in
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certain chronic infectious diseases such as HIV infection or tuberculosis, although the
cause of this y& T cell anergy is not fully understood®*#2, Recent data obtained with
other lymphocyte subsets suggests that tumor-derived PDL1/2 signals may be

296,297

responsible for the inhibition of PD-1" T cells , although these findings need to be

further investigated®®

In general, the clinical trials completed to date, particularly those stimulating yo T
cells in vivo, have shown objective responses in the range of 10 to 33%2%. If, in some
cases, the lack of response to therapy could be attributed to deficient expansion of
effector Vy9V&2 T cells?2223%0  many patients exhibiting significant and sustained in
vivo activation and proliferation of Vy9Vé2 T cells also failed to respond to treatment®2.
Thus, current yd T cell-based treatments, although feasible and safe, have obvious

limitations2%2.

1.4 OBJECTIVES OF THIS THESIS

The anti-tumor capacity of yd T cells has prompted the development of clinical trials
involving their stimulation through the administration of small non-peptidic
phosphoantigens and bisphosphonates. Despite the promise of tumor surveillance by yo
T cells, the molecular mechanisms mediating tumor cell recognition and activation of yd
T cells remain poorly understood. In fact, the greatest enigma in y5 T cell biology is their
target cell recognition, as very few tumor-associated antigens for y6 T cells have been
identified.

We aimed to analyse the molecular mechanisms involved in human vy5 T cell
activation by phosphoantigens, and to characterize tumor susceptibility to yd T cell-
mediated killing. Our main goal was to define novel tumor antigens expressed in
malignant hematopoietic cells that trigger yd T cell cytotoxicity. Finally, we aimed at
manipulating yd T cells in order to optimize their anti-tumor function, and thus provide
new fundamental knowledge to be translated into innovative immunotherapies for

cancer.
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2. HIGHLY ACTIVE MICROBIAL PHOSPHOANTIGEN INDUCES
RAPID YET SUSTAINED MEK/ERK- AND PI-3K/AKT-MEDIATED
SIGNAL TRANSDUCTION IN ANTI-TUMOR HUMAN y8 T-CELLS

2.1 ABSTRACT

2.1.1 Background / Objectives

The unique responsiveness of Vy9Vé2 T-cells, the major y6 subset of human
peripheral blood, to non-peptidic prenyl pyrophosphate antigens constitutes the basis of
current yd T-cell-based cancer immunotherapy strategies. However, the molecular
mechanisms responsible for phosphoantigen-mediated activation of human yé T-cells
remain unclear. In particular, previous reports have described a very slow kinetics of
activation of TCR-associated signal transduction pathways by isopentenyl
pyrophosphate and bromohydrin pyrophosphate, seemingly incompatible with direct
binding of these antigens to the Vy9V3d2 TCR. Here we have studied the most potent
natural phosphoantigen yet identified, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate
(HMB-PP), produced by Eubacteria and Protozoa, and examined its yd T-cell activation

and anti-tumor properties.

2.1.2 Methodology/Principal Findings

We have performed a comparative study between HMB-PP and the anti-CD3¢
monoclonal antibody OKT3, used as a reference inducer of bona fide TCR signaling,
and followed multiple cellular and molecular y5 T-cell activation events. We show that
HMB-PP activates MEK/Erk and PI-3K/Akt pathways as rapidly as OKT3, and induces
an almost identical transcriptional profile in Vy9" T-cells. Moreover, MEK/Erk and PI-
3K/Akt activities are indispensable for the cellular effects of HMB-PP, including yé T-cell
activation, proliferation and anti-tumor cytotoxicity, which are also abolished upon
antibody blockade of the Vy9" TCR Surprisingly, HMB-PP treatment does not induce

down-modulation of surface TCR levels, and thereby sustains yo T-cell activation upon
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re-stimulation. This ultimately translates in potent human yd T-cell anti-tumor function
both in vitro and in vivo upon transplantation of human leukemia cells into lymphopenic
mice.

The development of efficient cancer immunotherapy strategies critically depends on
our capacity to maximize anti-tumor effector T-cell responses. By characterizing the
intracellular mechanisms of HMB-PP-mediated activation of the highly cytotoxic Vy9* T-
cell subset, our data strongly support the usage of this microbial antigen in novel cancer

clinical trials.

2.2 INTRODUCTION

2.21 Phosphoantigen-mediated activation of Vy9Vé2 T cells

The capacity to recognize and eliminate transformed cells is common to several
lymphocyte subsets of both the adaptive and the innate immune systems that are being
targeted in cancer immunotherapy?2. One population that appears to bridge these two
systems in humans is characterized by the expression of a Vy9Vé2 T-cell receptor and
represents 1-10% of peripheral blood lymphocytes (PBL) of healthy individuals, but
expands up to 30-50% upon bacterial or protozoan infection®,

In line with the cancer susceptibility phenotype of mice devoid of y8 T-cells™, human
Vy9V62 T-cells are endowed with notable anti-tumor activity toward a large spectrum of
malignant cell lines of diverse tissue origin, particularly among lymphomas and
leukemias®®, but also including melanomas and carcinomas®2, and are being explored
in various clinical trialsZ22%, Unexpectedly, Vy9V&2 cells were shown to respond to
self- and foreign non-peptidic low molecular weight antigens with phosphate moieties
(“phosphoantigens”), in what turns out to be an exclusive property of this lymphocyte
subset*®183184 |ndeed, no other human T-cell subset (namely V&1 cells), or any of the
murine yd populations, respond to phosphoantigens such as prenyl pyrophosphates&.

From its early isolation from mycobacteria, isopentenyl pyrophosphate (IPP)%®
became the model phosphoantigen for studies on Vy9Vé2 activation. However, it is now
clear that this class of compounds contains multiple members, either naturally occurring

or synthetic, which span an extremely diverse range of bioactivities, up to 10 fold
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differences. To date, the natural phosphoantigen with highest bioactivity known (32
picomolar) is (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), an
intermediate of the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway employed by
Eubacteria and apicomplexan Protozoa but not by eukaryotes?”. Although HMB-PP is
respectively 30,000 and 100 times more potent than IPP and bromohydrin
pyrophosphate (BrH-PP, also known as “Phosphostim”), most of the studies on
phosphoantigens have been performed with these compounds (already applied in the
clinic) due to their historical precedence!®2. Such studies revealed a very slow kinetics
of activation of TCR-associated signal transduction pathways, and conflicting results
regarding their potential interactions with the Vy9V62 TCR824211 This added to the
consistent failure to demonstrate cognate interactions between Vy9Vs2 TCRs and
phosphoantigens in acellular systems®®!, has shed some skepticism regarding the
action of phosphoantigens as direct TCRys agonists. As HMB-PP is considered for y5 T-
cell-based cancer clinical trials, hoping to improve the performance of previous

phosphoantigens??2%

it is crucial to clarify its own molecular/cellular mechanisms of
action, including its potential capacity to trigger bona fide Vy9Vé62 TCR signaling.
Consistent with such potential, it has been recently shown that HMB-PP has the
capacity to induce the formation of high-density TCR nanoclusters on the surface of
human v8 T-cells??, and a newly-developed tetramer reagent for the Vy9V52 TCR of
rhesus macaques was reported to bind to HMB-PP loaded on the surface of human
APCs®%,

In this study we have analyzed the intracellular effects of HMB-PP stimulation of
human y5 T-cells. Our data show that HMB-PP induces the activation of MEK/Erk and
PI1-3K/Akt signaling pathways with similar kinetics to direct cross-linking of the TCR
complex in human y8 T-cells, and requires those activities to mediate effective yo T-cell
activation, including a full repertoire of TCR-associated transcriptional signatures and
the secretion of pro-inflammatory cytokines IFN-y and TNF-a. Although TCR
accessibility is required for HMB-PP activity, this phosphoantigen does not lead to
ligand-induced TCR internalization, which appears to be advantageous for sustaining
the cells' activation status upon re-stimulation. Finally, very low amounts of HMB-PP in
conjugation with IL-2 confer human yé T-cells with very potent anti-lymphoma/leukemia

activity both in vitro and in a human/SCID mouse model for the transplantation of
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human tumors, thus attesting the therapeutic potential of HMB-PP for cancer

immunotherapy.

2.3 MATERIAL AND METHODS

Ethics statement: all experiments involving animals (rodents) were performed in
compliance with the relevant laws and institutional guidelines and have been approved

by the Instituto de Medicina Molecular animal ethics committee.

2.3.1 Invitro cultures of human peripheral blood lymphocytes

Peripheral blood was collected from anonymous healthy volunteers, diluted 1:1 (v/v)
with PBS(1x) (Invitrogen Gibco) and centrifuged in LSM Lymphocyte Separation
Medium (MP Biomedicals) in a volume ratio of 3:4 (3 parts of LSM for 4 of diluted blood)
for 15 minutes at 1500 rpm and 25°C. The interfase containing PBMC was collected,
washed in PBS (1x) and cultured at 1x10° cells/mL at 37°C, 5% CO2 in round-bottom
96 well plates with RPMI 1640 with 2 mM L-Glutamine (Invitrogen Gibco) supplemented
with 10% foetal bovine serum (Invitrogen Gibco), 1 mM Sodium Pyruvate (Invitrogen
Gibco), 50 mg/mL of penicillin/streptomycin (Invitrogen Gibco), in the presence or
absence of 100 U/mL of rhiL-2 (Roche Applied Science), 1-10 nM of HMB-PP (4-
hydroxy-3-methyl-but-2-enyl pyrophosphate) (a kind gift from H. Jomaa and M. Eberl),
and 1-10 ug/ml of soluble anti-CD3 antibody (eBioscience, clone OKT3).

For TCR blockade, freshly-isolated PBMC were CFSE-labeled and then incubated
for 6 days with anti- TcRVy9 (Beckman Coulter, clone IMMU360) diluted 1:20 in
complete medium supplemented with 1 nM HMB-PP.

For the phophoimmunoblotting experiments, MACS-isolated y6 T cells were
expanded with 100 U/mL rhiL-2 for 15 days.

To study the effects of chemical inhibitors of signal transduction, the MEK inhibitor
UO126 and the PI-3K inhibitor LY294002 (both from Calbiochem) were added at 10 uM

for a 2-hour incubation period, and then transferred to fresh medium (without inhibitors).
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2.3.2 Magnetic cell sorting and flow cytometry analysis

1o T-cells were isolated (to above 95% purity) from PBMC by magnetic cell sorting
via positive selection with a FITC-labeled anti-TCRyd antibody (Miltenyi Biotec). For flow
cytometry analysis (on a FACSCalibur, BD Biosciences), cells were labelled with
fluorescent monoclonal antibodies: anti-CD69-PE (BD Pharmingen), anti-TcRVy9-PC5
(Beckman Coulter) and anti-CD4-PerCP (BD Pharmingen). In all cultures the
percentage of Vy9" T-cells was evaluated by flow cytometry. Cell proliferation was
measured by following a standard CFSE staining protocol (CellTrace CFSE Cell
Proliferation Kit, Invitrogen; final concentration 0.5 yM), while apoptosis was assessed
by AnnexinV-FITC (BD Pharmingen) staining. Cells were counted in Mossbauer

chambers using 0.4% Trypan Blue solution (Sigma-Aldrich) for viability control.

2.3.3 Cytometric Bead Array (CBA)

Cytokine secretion was measured using Cytometric Bead Array (CBA) technology
(BD Biosciences). Cells were seeded with the respective activators at 2x10° cells/well,
culture supernatants were collected at different time points and analyzed on a
FACSCanto (BD Biosciences) using a custom-made Flex Set with five different cytokine
capture beads: LT-q, IL-10, IL-4, TNF-a and IFN-y. Data were analyzed using the FCAP
Array Software v1.0.1 running on BD FACSDiva (BD Biosciences).

2.3.4 Protein isolation and phosphoimmunoblotting

Cells were incubated at 37°C with pre-warmed PBS alone or with HMB-PP (1 nM) or
OKT3 (1 ug/mL). Reactions were stopped by placing samples on ice and adding ice-
cold PBS. Cell lysates were prepared and equal amounts of protein were analyzed by
10% SDS-PAGE electrophoresis, transferred onto nitrocellulose membranes, and
immunoblotted with the following mAbs or antisera: Actin, phospho-Erk (Y204) (Santa
Cruz Biotechnology), ZAP-70 and phospho-STAT5A/B (Y694/Y699) (Upstate
Biotechnology), phospho-Akt (S473), phospho-GSK-3B (S9), phospho-JNK/SAPK
(Y183/185), phospho-p38 MAPK (Y180/182) (Cell Signalling Technology), and

phospho-LCK (Y505) (Transduction Laboratories). Immunodetection was performed
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with horseradish peroxidase-conjugated secondary antibody and developed by
chemiluminescence as described®®. Whenever necessary membranes were striped
using 15 mM TRIS pH 6.8 plus 2% SDS and (-Mercaptoethanol (100 mM) for 40

minutes at 57°C.

2.3.5 RNA isolation and Affymetrix GeneChip analysis
RNA labeling, hybridization to the Affymetrix GeneChip Human Genome U133 plus

2.0 Arrays and scanning was performed by the Affymetrix Core Facility, Instituto
Gulbenkian de Ciéncia, Portugal as described below.

Total RNA was extracted using the RNeasy Mini Kit according to manufacture's
protocol (Qiagen, Hilden, Germany). Concentration and purity was determined by
spectrophotometry and integrity was confirmed using an Agilent 2100 Bioanalyzer with
a RNA 6000 Nano Assay (Agilent Technologies, Palo Alto, CA). RNA was processed for
use on Affymetrix (Santa Clara, CA, USA) GeneChip Human Genome U133 Plus 2.0
Arrays, according to the manufacturer's One-Cycle Target Labeling Assay. Arrays were
scanned on an Affymetrix GeneChip scanner 3000 7G.

All the microarray data analysis was done using R and several packages available
from CRAN (R Development Core Team, 2008) and Bioconductor. The raw data (CEL
files) was normalized and summarized with the Robust MultiArray Average method from
the affy package.

The differentially expressed genes were selected using linear models and empirical
Bayes methods as implemented in limma package, verifying the p-values corresponding
to moderated F-statistics, and selecting as differentially expressed genes those that had

adjusted p-values lower than 0.005.

2.3.6 Real-time quantitative PCR

Total RNA was reverse-transcribed into cDNA using random hexamers and
Superscript Il first strand synthesis reagents (Invitrogen). qPCR was performed on ABI
Prism 7700 Sequence Detection System using SYBR Green detection system (both

from PE Applied Biosystems). Primers were designed using Primer3 v.0.4.0 online
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program (http://primer3.sourceforge.net). Primer sequences are available upon request.
For each transcript, quantification was done using the calibration curve method. 32-
microglobulin was used as the internal control for normalization. All samples were run in
triplicate and repeated three times. Analysis of the qPCR results was performed using

the ABI SDS v1.1 sequence analysis software (Applied Biosystems).

2.3.7 Tumor cell cultures and in vitro killing assays

All tumor cell lines were cultured in complete 10% RPMI 1640 (as above),
maintained at 1x10° up to 2x10° cells/mL by dilution and splitting 1:3 every 3—4 days.

For cytotoxicity assays, magnetically purified yd PBL were pre-activated for 72 hours
with 1-10 yg/mL aCD3 mAb (OKT3) or 1-10 nM HMB-PP either in the absence or
presence of IL-2 (100 U/mL). Tumor cell lines were stained with CellTracer Far Red
DDAO-SE (1 pyM) (Molecular Probes, Invitrogen) and each 3x10* tumor cells were
incubated with 3x10° y8 T-cells in RPMI devoid of activating compounds, for 3 hours at
37°C and 5% CO; on a round-bottom 96 well plate. Cells were then stained with

Annexin V-FITC and analyzed by flow cytometry.

2.3.8 Confocal microscopy

Cells were stained at 4°C with mouse anti-human TCR Vy9-PC5 (Beckman Coulter)
primary antibody, and with anti-mouse Alexa Fluor 633 (Invitrogen, Molecular Probes)
secondary antibody. Cells were then fixed with 4% Paraformaldeheyde for 15 minutes
at 4°C. Nuclear DNA content was stained for with DAPI Fluoromount G (Southern
Biotech). Immunofluorescence microscopy was performed with a LSM 510 META
confocal microscope (Zeiss). Separate images were collected with a 63x objective for

each fluorochrome and then overlaid to obtain a multicolor image.

2.3.9 Bioluminescent imaging of transplanted leukemia development
in SCID mice
10" Molt-4 T-cell leukemia cells stably expressing firefly luciferase and GFP were

injected i.v. in groups of 6 NOD/SCID mice per experiment, either in isolation or
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together with 5x10” v& PBL (>80% Vy9"), previously expanded and activated in vitro
with 1 nM HMB-PP for 12 days. Treated mice received boosts of 5x10” y8 PBL i.v. on
day 14 and 10,000 U IL-2 i.p. twice every week, whereas control mice received only IL-
2. All mice were analyzed on a weekly basis by in vivo imaging (IVIS, Caliper
Lifesciences) upon intra-peritoneal injection of luciferin. Photon signals were quantified
with Livinglmage software (Caliper Lifesciences). Mouse body weight was measured
weekly, and animals suffering from wasting (loss of over 20% of initial body weight)

were sacrificed.

Statistical analysis

Statistical significance of differences between subpopulations was assessed using

Student's t-test and is indicated when significant as *, p<0.05; **, p<0.01; ***, p<0.001.

2.4 RESULTS

2.4.1 Nanomolar amounts of HMB-PP replicate saturating TCR/CD3

ligation for activation of Vy9" T-cells

In this study we used the anti-CD3¢ monoclonal antibody (aCD3 mAb) OKT3 as a
control for canonical T-cell activation through the TCR/CD3 complex, for direct
comparison with HMB-PP. We began by testing the effect of several doses of each
stimulating compound on human vy T-cell activation, proliferation and survival.
Concentrations of 1 nM HMB-PP and 1 pg/ml OKT3 produced identical profiles of
expression of the activation marker CD69 in the Vy9" T-cell population (Figure 1A), and
displayed strikingly similar kinetics of activation without significant differences in cell
viability (Figure 1B); they were therefore used in all subsequent experiments.
Interestingly, whereas aCD3 mAb treatment reached a plateau of 60% CD69" cells at
1-10 pg/ml OKT3, 10 nM of HMB-PP were able to further increase the abundance of
activated Vy9" T-cells, to above 80% (Figure 1A).
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Figure 1. Nanomolar HMB-PP replicates saturating TCR/CD3 ligation for Vy9" T-
cell activation.

(A) Flow cytometry analysis for the expression of the activation marker CD69 in MACS-sorted
(97-98% purity) yo PBL, stimulated for 48 hours with the indicated amounts of HMB-PP or anti-
CD3 mAb (OKT3). Shaded are non-stimulated Vy9" T-cells. Percentages refer to cells above
the threshold bar. (B) Time-course of the experiment described in (A) for 1 nM HMB-PP and 1
pug/ml OKT3; cells were also stained with Annexin V to assess their viability (Annexin V™). (C)
Cytokine bead array analysis of supernatants of MACS-sorted y5 PBL (of which 80-90% Vy9")
cultures after 24 hours of stimulation with HMB-PP or OKT3. RPMI refers to cells kept in media
not supplemented with activating compounds. (D) CFSE dilution assays to monitor T-cell
proliferation in total PBMC cultures supplemented with HMB-PP (1 nM) or OKT3 (1 pg/ml), with
or without 100 U/mL rhiL-2. Cells (gated on Vy9" or CD4") were analyzed by flow cytometry
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after 4 days in culture; shaded are non-divided cells. Percentages indicate cells that have
undergone more than 5 rounds of division. (E) CFSE dilution in gated Vy9" T-cells within 6-day
cultures of total PBMC activated with 1 nM HMB-PP in the presence or absence of blocking
anti-TcRVy9 antibody. Dashed is a control incubated in 10% RPMI without HMB-PP. Results

shown in this figure are representative of 3 independent experiments.

Activated Vy9Vo2 T-cells are known to secrete large amounts of IFNy and TNFa,
very potent anti-tumor mediators in vivo. In accordance, treatment of sorted y6 PBL
(80-95% Vy9") with HMB-PP induced a typical Th1 cytokine profile, characterized by
the preferential production of TNFa, IFNy and LTa, in the absence of significant IL-4 or
IL-10 (Figure 1C). Notably, the levels of Th1 cytokines produced after 1 nM HMB-PP
treatment were similar to those induced by saturating amounts of aCD3 mAb (Figure 1C
and data not shown), suggesting that low amounts of this phosphoantigen are able to
fully exploit the TCR-mediated functional potential of Vy9Vas2 T-cells.

For the selective expansion of Vy9" T-cells, HMB-PP has the advantage of not
inducing ap T-cell proliferation. Thus, HMB-PP treatment promoted the specific
proliferation of Vy9" T-cells within human PBL (Figure 1D). Importantly, this effect was
completely abolished upon addition of a blocking antibody to the Vy9" TCR (Figure 1E),
demonstrating the TCR-dependence of HMB-PP activity.

While HMB-PP alone promoted up to 5 divisions of V/y9" T-cells over 4 days, further
proliferation required the co-administration of IL-2 (Figure 1D). A cooperative effect

between phosphoantigens and IL-2 has been previously described2223%

, and in this
study translated into a Vy9" T-cell expansion of 30-fold within one week and 45-fold
within two weeks of stimulation (Figure 2A). Moreover, addition of 100 units/mL IL-2 to
HMB-PP cultures dramatically increased the total amounts of Th1 cytokines secreted by
vd T-cells by 20-80 fold (Figure 2B), which correlated with the induction of key
transcription factor t-bet in cells stimulated with IL-2 or IL-2/HMB-PP combination

(Figure 2C)
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Figure 2. Exogenous IL-2 expands HMB-PP-activated Vy9" T-cells and up-
regulates their Thl cytokine profile.

(A) Absolute numbers of Vy9" cells in PBMC cultures stimulated with HMB-PP (1 nM) or OKT3
(1 ug/ml), supplemented or not with IL-2 (100 U/ml). Cells were analyzed by flow cytometry and
light microscopy (Mossbauer chamber cell counts). (B) Cytokine bead array (CBA) analysis of
supernatants of MACS-sorted y5 PBL (of which 80-90% Vy9") after 24 hours of stimulation with
HMB-PP or anti-CD3 mAb (OKT3). Represented is the ratio between the cytokine amounts
produced in the presence (100 U/ml) and in the absence of IL-2. (C) Real-time PCR
quantification of t-bet mRNA expression in activated Vy9Vé2 T-cells, normalized with [2-
microglobulin. Cells were pre-incubated for 6 hours with the activating compounds (or kept in
RPMI as control). Significant differences refer to cells cultured in RPMI in the absence of IL-2 (n
= 3, *p<0.05 and **p<0.01).
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242 HMB-PP rapidly triggers MEK/Erk and PI-3K/Akt signaling

required for Vy9* T-cell activation and anti-tumor function

Having characterized the cellular behavior of HMB-PP-stimulated Vy9" T-cells, we
next investigated the intracellular signaling mechanisms downstream of HMB-PP.
Previous studies with less active phosphoantigens'® reported a significant delay in the
activation of kinase cascades when compared to direct TCR/CD3 complex ligation with
OKT3 mAb#*22 |nstead, for HMB-PP, we observed a very rapid (peaking around 7
min of stimulation), and absolutely identical to OKT3, kinetics of phosphorylation of the
major signaling pathways implicated in TCR signal transduction: JNK, Erk and p38
MAPK; and PIl-3K-associated Akt and GSK3[3 (Figure 3A, left panel). The same was
valid in the presence of IL-2, in which kinase phosphorylation peaked earlier
(immediately after 1 min of stimulation) but was still identical for HMB-PP or OKT3
combinations (Figure 3A, right panel). Of note, we verified that IPP could not replicate
these signaling properties of HMB-PP, as illustrated by its failure to induce Akt
phosphorylation within 60 minutes of stimulation (Figure 4). Furthermore, IPP treatment
(even when used at 10° fold higher concentrations than HMB-PP) resulted in a modest
production of TNFa and IFNy within the first 6 hours of stimulation, when compared to
HMB-PP (Figure 3B). These data reveal a thus far unique capacity of HMB-PP to trigger
very rapid TCR-associated signaling, compatible with direct binding of the
phosphoantigen to the TCR complex.

We next tested the requirement on intact PI-3K and MAPK pathways for yo T-cell
activation and anti-tumor function induced by HMB-PP. We pre-treated y5 T-cells with
chemical inhibitors that specifically block those pathways and then analyzed the effects
on cell activation, proliferation, TNFa secretion and tumor cell killing. Inhibition of PI-
3K/Akt pathway using LY294002 resulted in approximately half of the cells losing their
responsiveness to HMB-PP after 24—-46 hours of stimulation (Figure 5A). Inhibition of
the MEK/Erk pathway by UO126 produced even more dramatic effects, precluding

HMB-PP-activation of approximately two thirds of Vy9* T-cells. Moreover, inhibition of
P1-3K/Akt and MEK/Erk signaling reduced TNFa production by HMB-PP-activated yd T-
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cells to around 20% and 10% of control levels, respectively, both in the absence and in
the presence of IL-2 (Figure 5B).
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Figure 3. HMB-PP stimulation kinetically mimics Vy9® TCR/CD3 signal
transduction.

(A) Phosphoimmunoblotting for kinases implicated in TCR signaling. MACS-sorted yé PBL (of
which 80-95% Vy9") were incubated with OKT3 (1 ug/ml) or HMB-PP (1 nM), in the absence
(left panel) or presence (right panel) of 100 U/mL rhiL-2, for the times indicated, or kept in
control media (NS, non-stimulated). Results shown in this figure are representative of 4
independent experiments. (B) TNFa and IFNy levels were measured by CBA in the culture
supernatants of MACS-sorted y6 PBL. Results were compared with the total amounts present in
parallel cultures stimulated with 1 nM HMB-PP, and were expressed as percentages (IPP/HMB-

PP).
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Figure 4. Akt phosphorylation in response to IPP versus HMB-PP stimulation of yé
PBL.

MACS-sorted yd6 PBL were activated with 10 uM IPP or 1 nM HMB-PP for the indicated times.
Cell lysates were analyzed by SDS-PAGE and immunoblotted for Phospho-Akt (P-Akt) or Beta-
Actin on nitrocellulose membranes. Densitometry for P-Akt bands was normalized with Beta-
Actin loading controls. Data correspond to the induction of Akt phosphorylation above basal

levels, i.e., after subtraction of the unstimulated control levels.

These effects were remarkably mirrored in cultures supplied with aCD3 mAb, further
demonstrating the similarity of these two activation regimens (Figures 5A and 5B).

In what regards y6 T-cell proliferation induced either by HMB-PP or by OKT3 (in the
presence of IL-2), this was mostly dependent on intact PI-3K/Akt signaling, since
UO126 had a more modest effect when compared with the severe block produced by
LY294002 treatment, which reduced the proportion of y5 cells that divided twice or more
over 4 days in culture, from over 80% to approximately 20% (Figure 5C).

Finally, the anti-tumor function of sorted y5 PBL (80-95% Vy9') was assessed
through in vitro killing of the Jurkat leukemic target cell line. HMB-PP pre-treatment
augmented yd T-cell-mediated tumor cell death from around 20% (non-activated v3) to
40% (1 nM HMB-PP) or 70% (10 nM HMB-PP) in a 6 hour assay (Figure 5D and data
not shown). However, the addition of UO126 or/and LY294002 to the treatment reduced
posterior leukemia targeting to basal (20—30%) levels; this was also the case for the
more efficient (over 80% Kkilling) combination of HMB-PP with IL-2 (Figure 5D).

Collectively, these data demonstrate an absolute requirement of PI-3K/Akt- and
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MEKI/Erk-mediated signal transduction for HMB-PP-induced activation of anti-tumor

VyOVa2 T-cells.
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Figure 5. HMB-PP-mediated Vy9" T-cell activation requires functional

and PI-3K/Akt signhaling pathways.
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Effects of MEK/Erk inhibitor UO126 and PI-3K/Akt inhibitor LY294002 on the activation and
function of MACS-sorted y5 PBL (of which 85-95% Vy9").
(A) Expression of activation marker CD69, assessed by flow cytometry. (B) secretion of TNFa

after 24 hours of stimulation, measured by CBA. (C) Cell proliferation, assessed by CFSE

dilution after 4 days in culture (percentages indicate cells that have undergone 2 or more

rounds of division). (D) Jurkat leukemia cell killing, assessed by Annexin V staining and flow

cytometry analysis after 6 hrs of co-incubation with pre-activated (for 3 days) yd6 PBL. Results

shown in this figure are representative of 3 independent experiments. Error bars represent SD

and significant differences refer to controls without addition of chemical inhibitors (n = 3,

*p<0.05 and **p<0.01).

57



HMB-PP signaling in 5T cells

2.4.3 HMB-PP signaling mimics the transcriptional events downstream
of TCR ligation

Signaling cascades ultimately produce alterations in gene transcription, which can
be effectively tracked by microarray analysis. We employed this technology to compare
the transcriptomes of Vy9V62 T-cells activated with either HMB-PP or OKT3. Both
stimuli produced dramatic transcriptional changes: when compared to non-stimulated
cells, HMB-PP and OKT3 treatment resulted in 1359 and 1080 differences in gene
expression of 4-fold or above, respectively (Figure 6A; full microarray data available on
ArrayExpress via http://www.ebi.ac.uk/; accession E-MEXP-1601). These were
consistent across 3 individual microarray experiments (Figure 7). Strikingly, a direct
comparison of the two stimuli revealed that they affected essentially the same genes, as
only 6 were differentially expressed (>4-fold) between them (Table 1). Therefore, the
transcriptional program downstream of HMB-PP appears to be extremely similar to that
induced by bona fide TCR signaling, as clearly illustrated by the Volcano plots of Figure
BA.

The gene expression program shared by HMB-PP treatment and direct TCR cross-
linking involves, among many others targets (E-MEXP-1601), the very high (above 16-
fold) up-regulation of pro-inflammatory genes IFNy and LTa, chemokines CCL8, CCL2,
CXCL9 and CXCL10, cell cycle mediator cyclin D2, activation co-receptor ICOS,
cytolysis mediator Fas ligand (Fas-L), and components of cytokine receptors IL-2Ra
(CD25) and IL-15Ra (Table 1), many of which are also induced by related
phosphoantigens®®. These results were validated by quantitative real-time PCR
(qPCR), as shown on Figure 6B for a selection of genes.

Although we have concentrated here on genes upregulated upon stimulation, the
profile of downregulated genes was also almost identical between the two treatments
(E-MEXP-1601). Our results collectively suggest that HMB-PP essentially recapitulates
the transcriptional program associated with bona fide TCR signaling. This phenomenon
is further illustrated by a heatmap representation of gene expression levels across the

samples, as depicted in Figure 7.
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Figure 6. HMB-PP treatment reproduces the transcriptional alterations induced by
TCR/CD3 ligation on yd T-cells.

(A) Volcano plots of DNA microarray comparisons between aCD3 (OKT3) mAb-treated, HMB-
PP-treated and non-stimulated (“resting”) MACS-sorted y§ PBL (of which 85-95% Vy9"). After
18 hours of incubation with the stimuli, RNA was extracted and submitted to Affymetrix
GeneChip analysis. Represented are Fold-changes (“biological significance”) versus statistical
significance (B-values). Black dots represent genes over 4-fold differentially expressed (DE)
between samples; all other probed genes are depicted in grey. Genes selected as differentially
expressed had adjusted p-values lower than 0.005. Results are representative of 3 independent

microarray experiments (see Figure 7). (B) Real-time PCR validation of microarray results for a
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selection of genes similarly induced by OKT3 and HMB-PP (from Table 1). Gene expression
was quantified in independent samples of control and treated cells, also including an IL-2-

treated sample. Error bars represent SD and significant differences refer to “resting” cells (n = 3,

*p<0.05 and **p<0.01).
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Figure 7. Heatmap of non-stimulated, HMB-PP-treated and anti-CD3 mAb (OKT3)-

treated y3 T-cells.

The DNA microarray expression value for each gene is normalized across the samples; levels
greater than the mean in a given sample are colored in red, and those below the mean are
depicted in blue. Exp1-3 are ftriplicate independent microarray experiments. Note the striking

similarity between HMIB-PP-treated and anti-CD3-treated samples.
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Similarly induced by HMB-PP and OKT3®

Link® Gene Description Function HMB® OKT3® Differ”
3458 IFNy Interferon-y Cytokine 9.53 8.70 0.83
6355 CCL8 Chemokine CC motif 8 Chemokine  8.09 8.08 0.01
114614 MIRN155 MicroRNA 155 MicroRNA 7.83 795 -0.12
4049 LT Lymphotoxin-a Cytokine 7.35 6.64 0.71
6347 CCL2 Chemokine CC motif 2 Chemokine  6.49 6.19 0.30
3559 IL2R IL-2R o chain Cytokine-R  6.34 710 -0.76
4283 CXCL9 Chemokine CXC motif 9 Chemokine 6.14 6.14 0.00
3627 CXCL10 Chemokine CXC motif 10 Chemokine 575 4.87 0.88
894 CCND2 Cyclin D2 Cell cycle 562 525 0.37
3902 LAG3 Lymphocyte activation gene Activation-R  4.46 4.08 0.38
29851 ICOS Inducible T cell costimulator Activation-R 4.4 540 -0.94
6504 SLAMF1 Signal transducer SLAM-1 Signaling 423 434 -0.11

Differentially induced by HMB-PP or OKT3

Link? Gene Description Function  HMB® oOKT3® Differ’
7412 VCAM1 Vascular cell adhesion-R Adhesion 4.50 1.45 3.05
6373 CXCL11 Chemokine CXC motif 11 Chemokine  5.45 259 286
1493 CTLA4 Co-receptor CTLA-4 Activation-R  4.53 7.23 -2.70
112744 IL17F IL-17 isoform F Cytokine 1.29 481 -352
4094 MAF Transcription factor Maf Signaling 0.04 3.83 -3.79
6374 CXCL5 Chemokine CXC motif 5 Chemokine 0.04 714 -7.10

Table 1. Transcriptional changes induced by HMB-PP or OKT3 (anti-CD3 mAD) in
Vy9Ve2 T cells.

Values are log,[fold change] compared to non-stimulated cells, based on triplicate microarray
experiments. (-R, receptor)

@ Listed is a selection of genes implicated in T cell activation. Full cDNA microarray data
available on ArrayExpress (E-MEXP-1601).

®ocus link gene ID (for unequivocal gene identification)

¢ Logy[fold change] relative to non-stimulated cells

4 Difference in fold induction between HMB-PP-treated and OKT3-treated cells
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244 HMB-PP does not induce Vy9" TCR internalization and sustains

the production of anti-tumor cytokines

Although our previous data demonstrated a striking parallel between HMB-PP- and
OKT3-mediated yd T-cell activation, previous reports on various phosphoantigens (other
than HMB-PP) had revealed contradictory data on the modulation of surface Vy9V&2
TCR levels’2# This, added to recent data on the properties of HMB-PP interactions
with TCR/CD3 complexes?®3%  prompted our investigation on whether HMB-PP
stimulation induced TCR internalization in human yd PBLs. In a3 T cells, activation by
cognate antigen or anti-TCR/CD3 antibodies typically induces TCR internalization and
consequently the down-modulation of its surface levels independently of the constitutive
recycling of the complex2®3% Using two independent approaches, based on flow
cytometry (Figure 8A) or confocal microscopy (Figure 8B), we consistently observed
that HMB-PP-stimulated yd T-cells maintained their high TCR surface expression, in
stark contrast with the extensive down-regulation seen in OKT3-treated cells. This was
the case both in the absence and in the presence of IL-2 (data not shown).

We next asked whether the lack of TCR internalization upon HMB-PP treatment
could be associated with sustained activation of yd T-cells. We tested the capacity of
cells that had been treated for 2 days with either HMB-PP or OKT3, to respond to a
second boost of stimulation (Figure 8C). Whereas HMB-PP-treated cells, which
maintained high TCR levels on the cell surface after the initial 48 hour treatment (Figure
8A), produced high amounts (similar to primary activation) of anti-tumor Th1 cytokines
in response to the secondary 24 hour stimulation with HMB-PP (Figure 8D), OKT3-
treated cells failed to do so, presumably due to their inability to respond to the mAb
once their TCR complexes have been internalized (Figure 8A-B). Although upon
restimulation with HMB-PP, IFNy became more abundant than TNFa (Figure 8D),
contrary to the primary activation data (Figure 1C and Figure 2B), the cytokine profile of
the two HMB-PP-based protocols were qualitatively very similar and consistently Th1-
biased (Figure 8D and data not shown). These data show that HMB-PP is remarkably
capable of sustaining Vy9Vé2 T-cell activation and the production of anti-tumor

cytokines, which are critical parameters in immunotherapy protocols.
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Figure 8. HMB-PP does not induce down-modulation of surface Vy9" TCR and
sustains cytokine production upon re-stimulation.

(A) MACS-sorted y8 PBL (of which 80-90% Vy9") were incubated for the indicated times with
HMB-PP or OKT3, and stained with anti-Vy9 mAb for flow cytometry analysis. Bold lines
represent treated cells, while shaded are non-stimulated Vy9" cells (time = 0 hrs). (B) Confocal
microscopy photos of y§ T-cells cultured for 24 hrs as in (A) and then stained for Vy9" TCR. (C—
D) Experimental design (C) and CBA analysis (D) of the re-stimulation response of MACS-
sorted yo PBL. After 36 hrs of stimulation, cells were re-plated for secondary activation during
24 hrs, when supernatants were collected and analyzed for Th1 cytokines by CBA. Error bars
represent SD and differences refer to IL-2 controls (ns, non-significant; **p<0.01; ***p<0.001).

Results shown in this figure are representative of 2—5 independent experiments.
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245 HMB-PP plus IL-2 treatment promotes leukemia cell killing in

vitro and in vivo

Having characterized the intracellular mechanisms of HMB-PP-mediated yd T-cell
activation, we next evaluated the anti-tumor potential of HMB-PP-based regimens. We
selected leukemias as model tumors to employ in both in vitro and in vivo assays. The
in vitro system previously used with Jurkat cells (Figure 5D) was applied to a larger
panel of leukemia cell lines: Molt-4 (T-cell), RCH-ACV (pre-B cell) and HL-60 (myeloid)
(Figures 9A-B). yd PBL (80-95% Vv9") were treated with the different stimulating
agents for 72 hours, and then transferred to plain media in co-culture with the leukemia
cells. In just 3 hours, more than 80% of leukemia cells were killed by the yd T-cells that
had been stimulated with a combination of HMB-PP with IL-2 (compared to less than
20% by non-activated y5 T-cells), and such a regimen was at least as effective as
saturating aCD3 plus IL-2 (Figures 9A-B). Of note, aCD3 mAb or HMB-PP used in
isolation produced more modest increases in target-cell lysis (Figures 9A-B),
highlighting the importance of exogenous IL-2 for the full activation of Vy9Vé2 T-

cells324:3%8 (

Figure 2).

Taking into account the added relevance of pre-clinical in vivo systems for the
evaluation of the anti-tumor potential of immunotherapy strategies, we adapted a model
of transplantation of human tumors into lymphopenic SCID mice, previously used with
human v8 T-cells by Kabelitz and colleagues??, and added bioluminescent analysis of
tumor development, which allows early detection of tumors and temporal evaluation
throughout the course of treatment, in live animals and in real-time®®. Four weeks after
tumor injection, mice that had received HMB-PP plus IL-2-treated (activated and
expanded over 12 days) y6 PBL showed significantly reduced tumor load (derived from
Molt-4 leukemia cells) compared to control mice that did not receive y5 T-cells (Figures
9C-E). Furthermore, while most control had to be sacrificed at week 4 due to excessive
body weight loss, yd-treated animals resisted wasting for longer, up to week 6 (Figures
9C-D and data not shown). These results attest the capacity of HMB-PP-expanded and
activated yd T-cells to induce anti-tumor responses in vivo, and support the application
of this phosphoantigen in conjugation with low amounts of IL-2 in clinical cancer
settings.
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Figure 9. Leukemia cell killing by HMB-PP-activated y5 T-cells.

(A) In vitro lysis of Molt-4 leukemia cells. MACS-sorted y8 PBL (of which 85-95% Vy9") were
pre-activated for 72 hours with 1 or 10 yg/ml aCD3 mAb (OKT3), or 1 or 10 nM HMB-PP in the
absence of IL-2, and also combined at the lower concentrations with IL-2 (100 U/ml). For the
killing assay, DDAO-SE-labelled Molt-4 cells and pre-activated y& PBL were co-incubated for 3
hours in media devoid of activating compounds. Samples were then stained with Annexin V to
identify dying (Annexin V") tumor (DDAO-SE") cells by flow cytometry. (B) Data summary for
killing assays (as in A) performed with three distinct leukemia cell lines. (C—D) Bioluminescent
imaging of NOD/SCID mice inoculated with luciferase” Molt-4 leukemic cells, with (D) or without
(C) co-injection of pre-activated y6 PBL, analyzed weekly as described in Materials and
Methods. (E) Livingimage quantification of photon signals (tumor load) collected at day 28 of
the experiment illustrated in (C-D). Comparison of yd-treated and control animals (n = 5,

p<0.05). Data in this figure are representative of 3 (A—B) or 2 (C-E) independent experiments.
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2.5 DiscussioN

The stimulatory effect prenyl pyrophosphates have on Vy9Vs2 T-cells has been well
documented and seems to require TCR expression, as indicated by antibody blocking
and gene transfer experiments™®®31% However, some of these experiments have been
difficult to reproduce, and all attempts at showing cognate interactions between Vy9Vs2
TCRs and phosphoantigens in acellular systems (including surface plasmon resonance
and X-ray crystallography of isolated complexes) have failed®®, probably due to the
requirement of an unknown phosphoantigen-presenting molecule?, This has raised
some skepticism on phosphoantigens as TCRyd agonists, also stemming from the lack
of precedent for such type of compounds interacting with any other variable region
molecule, including all other yd6 TCRs in humans or mice. However, recent data have
highlighted particular properties of HMB-PP within the large family of phosphoantigens.
Namely, HMB-PP induces the formation of high-density Vy9Vé2 TCR nanoclusters on
the membrane of human v8 T-cells?¢, and is bound on the surface of human APC by a
tetramer reagent for the \Vy9V§2 TCR of rhesus macaques%.

Following from these results on the extracellular dynamics of HMB-PP, our study
aimed at clarifying the intracellular mechanisms of y5 T-cell activation mediated by
HMB-PP. Our results show that very low amounts of HMB-PP are able to mimic the
major effects of saturating ligation of the TCRyd/CD3 complex, including the very rapid
activation of MEK/Erk and PI-3K/Akt pathways to set up a transcriptional program,
further enhanced by IL-2 signaling, that upregulates crucial target genes such as IFNy
or TNFa and endows cells with potent anti-tumor capacity. Interestingly, HMB-PP can
produce all these intracellular events without down-modulating surface TCR levels, and
this may be advantageous for sustaining the cell's activation status upon re-stimulation,
as suggested by our cytokine secretion data. The crucial effect of HMB-PP on Vy9Vé2
T-cells may thus be the formation of high-density surface TCR nanoclusters22 that may
serve as platforms for intracellular signaling.

Our kinetic data on signal transduction further suggest that the interaction between
HMB-PP and the Vy9V52 TCR is much more direct/stable than those of previously
studied phosphoantigens, since downstream Erk phosphorylation, for example, peaks
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simultaneously for HMB-PP and OKT3 treatments, in stark contrast with the delays of
115 min and 60 min, also relative to OKT3, observed respectively for the “pioneer”

(naturally-occurring) IPP? 271

and the more recent (synthetic) BrH-PP<=, currently in
clinical trials as “Phosphostim”. Of note, the concentration of HMB-PP we used was
50,000-fold and 3,000-fold lower than those used for IPP and BrH-PP, respectively.
These data reveal a thus far unique capacity of HMB-PP to trigger very rapid TCR-
associated signaling, compatible with direct binding to the Vy9Vs2 TCR, which remains
to be formally shown and may require the assistance of an antigen-presenting molecule
yet to identify?22%. This notwithstanding, we show for the first time, using a chemical
inhibition strategy, that the major cellular effects of HMB-PP - v6 T cell activation,
proliferation, Th1 cytokine secretion and anti-tumor cytotoxicity - are strictly dependent
on Erk- and Akt-mediated signal transduction. HMB-PP stimulation therefore recruits
the same signal transduction machinery employed by the yd TCR, and is capable of
doing so at minimal concentrations and within a strikingly short temporal scale that
distinguish it from less potent phosphoantigens, whose stimulating effects on yé T-cells
most probably derive from their structural similarities with HMB-PP2,

The use of a microbial compound for the activation of human anti-tumor
lymphocytes fits the overall strategy of providing immune adjuvants (like viral nucleic
acids for CD8" T-cells) for cancer therapy. Compared to other T-cell agonists, HMB-PP
offers the advantage of specifically activating a T-cell population with overt effector
function, devoid of known immune suppressive (“regulatory”) subsets. Moreover,
Vy9Vé2 T-cells are broadly reactive to tumors, potentially allowing them to be used to
treat a variety of cancers.

The data presented in this report provide a framework for designing novel
immunotherapy protocols using v T-cells, and encourage the use of HMB-PP in clinical
settings. yd T-cell-mediated tumor surveillance should evidently be seen as
complementary to the adaptive component provided by MHC-restricted a3 T-cells upon
priming by dendritic cells. Importantly, Vy9V&2 T-cells can also induce monocyte and
DC maturation®=312, on one hand; and even act as CD80/86-expressing antigen-
presenting cells that prime af T-cells, on the other®.. Furthermore, vd T-cells are
prototypic representatives of unconventional lymphocytes with innate anti-tumor

capacity, alike NK and NKT-cells, all of which recognize tumors independently of
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classical MHC presentation?2. We believe the success of cancer immunotherapy will
critically depend on the integration of conventional and unconventional lymphocyte

responses®! to tackle the multiple immune evasion strategies developed by tumors.
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3. IDENTIFICATION OF A PANEL OF TEN CELL SURFACE
PROTEIN ANTIGENS ASSOCIATED WITH IMMUNOTARGETING OF

LEUKEMIAS AND LYMPHOMAS BY PERIPHERAL BLOOD y6 T CELLS

3.1 ABSTRACT

3.1.1 Background / Objectives

VyY9Vé2 T Ilymphocytes are regarded as promising mediators of cancer
immunotherapy due to their capacity to eliminate multiple experimental tumors,
particularly within those of hematopoietic origin. However, Vy9Va2 cell-based lymphoma
clinical trials have suffered from the lack of biomarkers that can be used as prognostic
of therapeutic success.

We have conducted a comprehensive study of gene expression in acute
lymphoblastic leukemias and non-Hodgkin’s lymphomas, aimed at identifying markers

of susceptibility versus resistance to Vy9Vé2 T cell-mediated cytotoxicity.

3.1.2 Methodology / Principal Findings

We employed cDNA microarrays and quantitative real-time PCR to screen 20
leukemia and lymphoma cell lines, and 23 primary hematopoietic tumor samples. These
data were analyzed using state-of-the-art bioinformatics, and gene expression patterns
were correlated with susceptibility to Vy9Vé2 T cell mediated cytolysis in vitro.

We identified a panel of 10 genes encoding cell surface proteins that were
statistically differentially expressed between “y5-susceptible” and “yd-resistant”
hematopoietic tumors. Within this panel, 3 genes (ULBP1, TFR2 and IFITM1) were
associated with increased susceptibility to Vy9Vs2 T-cell cytotoxicity, whereas the other
7 (CLEC2D, NRP2, SELL, PKD2, KCNK12, ITGA6 and SLAMF1) were enriched in
resistant tumors. Furthermore, some of these candidates displayed a striking variance
of expression among primary follicular lymphomas and T cell acute lymphoblastic

leukemias.
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Our results suggest that hematopoietic tumors display a highly variable repertoire of
surface proteins that can impact on Vy9V42 cell-mediated immunotargeting. The
prognostic value of the proposed markers can now be evaluated in upcoming Vy9Vs2

cell-based lymphoma/ leukemia clinical trials.

3.2 INTRODUCTION

v$ T lymphocytes display potent innate anti-tumor activity in both humansZ and

mice™32. For example, mice genetically devoid of y8 T cells displayed increased
susceptibility to skin tumor development induced experimentally by carcinogens32,
and to Transgenic Adenocarcinoma of the Mouse Prostate Model (TRAMP)*€. More
importantly, murine yd T cells were shown to prevent (through perforin-mediated
cytotoxicity) the development of spontaneous B cell lymphomas2.

The major yd T cell subset in human peripheral blood, Vy9Vé2 T lymphocytes, exert
potent cytotoxicity towards tumor cell lines upon activation with small non-peptidic
prenyl pyrophosphate intermediates of isoprenoid biosynthesis&. We and others have
shown that, among such  “phosphoantigens”,  4-hydroxy-3-methyl-but-2-
enylpyrophosphate (HMB-PP), a metabolite found in Eubacteria and Protozoa, is a very
potent agonist of the Vy9Vé2 T cell receptor (TCR) that promotes cytotoxicity and the
secretion of anti-tumor cytokines such as Interferon-y (IFN-y) and Tumor Necrosis
Factor o (TNF-o)122317,

Phosphoantigen-activated Vy9V&2 T cells can kill various solid tumor cell lines®%,

255,263,317

and a particularly large number of hematopoietic cell-derived tumors , as well as

freshly isolated tumor cells from patients with follicular B cell lymphoma or chronic

lymphocytic leukemia (CLL)%2.

The well-established anti-tumor activity of Vy9Vé2 T cells has been recently
explored in clinical trials for solid/epithelial®®22221  or liquid/hematopoietic

tumors286:289.318

, Which collectively showed promising yet limited success. The lack of
response to therapy of some patients was attributed to deficient expansion of effector

Vyove2 T cells®22! However, a large proportion of patients exhibiting significant and
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sustained in vivo activation and proliferation of Vy9Vé2 T cells also failed to respond to
treatment. Thus, in both prostate carcinoma?® and non-Hodgkin’s Iymphoma@,
objective responses (partial remissions) were observed in just 33% of the patients that
activated/ expanded their Vy9Vs62 T cells. These data emphasize the need for tumor
biomarkers with prognostic value for y§ peripheral blood lymphocyte (y5-PBL)-mediated
immunotherapy.

Here we have conducted a comprehensive genome-wide expression study aimed at
identifying lymphoma/ leukemia markers of susceptibility or resistance to y6-PBL
cytotoxicity. We set up an experimental system consisting of lymphoma/ leukemia cell
lines with various degrees of susceptibility to yo6-PBL-mediated lysis, and performed
comparative cDNA microarray analyses to characterize their gene expression profiles.
These were validated through bioinformatics and quantitative RT-PCR (RT-qPCR),
allowing us to define a panel of 10 candidate biomarkers whose expression displayed
very marked variability among non-Hodgkin’s lymphoma and acute lymphoblastic
leukemia patients. Furthermore, one of these candidates, ULBP-1, was found to be a
nonredundant determinant of leukemia/lymphoma susceptibility to yd T cell cytotoxicity
(Langa et al., 2010312,

3.3 MATERIAL AND METHODS

3.3.1 In vitro cultures of human y3-PBL and tumor cell lines

Peripheral blood was collected from healthy volunteers and PBMCs were isolated as
described in®. ySPBL were expanded from isolated PBMCs for 12 days in RPMI 1640
complete media®!’ supplemented with 100 U/mL of rhIL-2 (Roche Applied Science) and
1 nM HMB-PP (4-hydroxy-3-methyl-but-2-enylpyrophosphate) (Sup-RPMI). The
percentage of Vy9* T cells in PBL increased from 3-14% at day 0 to 90-98% at day 12
(Figure 1). All tumor cell lines were cultured in complete 10% RPMI-1640 as previously

described!.
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3.3.2 Leukemia and lymphoma primary samples

Pediatric B- or T-cell acute lymphoblastic leukemia cells, containing high (> 80%)
leukemia involvement, were obtained from the peripheral blood and/or the bone marrow
of patients at presentation, after informed consent and institutional review board
approval (Instituto Portugués de Oncologia, Lisbon, Portugal). Fresh leukemia samples
were enriched by density centrifugation over Ficoll-Paque and then washed twice in
10% RPMI-1640 medium supplemented with 2 mM L-glutamine (Sup-RPMI). Regarding
lymphoma biopsies, lymph nodes were surgically removed, immediately frozen in liquid
nitrogen and kept at -80°C until further use (Department of Pathology, Hospital de
Santa Maria — CHLN, Lisbon, Portugal). Upon diagnosis, we selected lymph nodes from

lymphoma cases and reactive lymph nodes for our studies.

3.3.3 In vitro killing assays

For cytotoxicity assays, tumor cells (cell lines or primary samples) were stained with
DDAO-SE (Molecular Probes, Invitrogen) and incubated at 1:10 ratio with yd T cells in
Sup-RPMI. Typically, 3x10° HMB-PP-activated y3-PBL (>90% Vy9+) were co-incubated
with 3x10* tumor cells (pre-labeled with 1 pM DDAO-SE) with for 3-4 hours, then

staining with Annexin V-FITC (BD Biosciences) and analyzed by flow cytometry.

3.3.4 RNA isolation, RT-qPCR and RNA interference

Total RNA from tumor cell lines was extracted using the RNeasy Mini Kit according
to manufacture’s instructions (Qiagen, Hilden, Germany). RNA from leukemia cells and
samples was extracted with RNeasy Mini Kit according to manufacture’s instructions.
Concentration and purity was determined by spectrophotometry and integrity was
confirmed using an Agilent 2100 Bioanalyzer with a RNA 6000 Nano Assay (Agilent
Technologies, Palo Alto, CA). Total RNA was reverse-transcribed into cDNA as
described in*™. qPCR was performed on Rotor-Gene 6000 (Corbett) using SYBR
Green detection system (PE Applied Biosystems). Glucoronidase beta (GUSB) and
proteasome subunit beta type 6 (PSMB6) were used as endogenous controls in relative
quantification using the standard curve method. Primers were designed using the
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Roche Design Centre (Table 3). Lentiviral vectors expressing short hairpin RNA
(shRNA) for the specific silencing of ULBP1 (CCT GGG AAG AAC AAA CTG AAA)

were obtained from the RNAi Consortium and produced as previously described31232,

3.3.5 Target Synthesis and Hybridization to Affymetrix GeneChips

RNA from two independent cultures of each cell line (DAUDI, RAJI, RCH-ACV and
697) was processed for use on Affymetrix (Santa Clara, CA, USA) GeneChip HuGene
1.0 ST Arrays, according to the manufacturer's Whole Transcript Sense Target Labeling
Assay. Briefly, 100 ng of total RNA containing spiked in Poly-A RNA controls (GeneChip
Expression GeneChip Eukaryotic Poly-A RNA Control Kit; Affymetrix) was used in a
reverse transcription reaction (GeneChip® WT cDNA Synthesis Kit; Affymetrix) to
generate first-strand cDNA. After second-strand synthesis, double-stranded cDNA was
used in an in vitro transcription (IVT) reaction to generate cRNA (GeneChip® WT cDNA
Amplification Kit; Affymetrix). This cRNA was used for a second cycle of first-strand
cDNA synthesis (GeneChip® WT cDNA Synthesis Kit; Affymetrix) which was
fragmented and end-labeled (GeneChip® WT Terminal Labeling Kit; Affymetrix). The
cDNA was used in a cocktail containing added hybridization controls and hybridized on
arrays. Standard post hybridization wash and double-stain protocols (FS450_0007;
GeneChip HWS kit, Affymetrix) were used on an Affymetrix GeneChip Fluidics Station

450. Arrays were scanned on an Affymetrix GeneChip scanner 3000 7G.

3.3.6 Microarray Data Analysis

All the microarray data analysis was done with R and several packages available
from CRAN32! and Bioconductor??2. The raw data (CEL files) was normalized and
summarized with the Robust MultiArray Average method from the affy package®2.
Unsupervised clustering analysis of the gene expression profiles for entire probe set
data was assessed through hierarchical clustering (Euclidean distance and complete
agglomeration method) and principal component analysis (prcomp function which calls
a singular value decomposition method for non-symmetric matrices) as implemented in

stats package®2. Differentially expressed genes for each comparison were selected

using linear models and empirical Bayes methods®#* as implemented in limma
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package®®®, verifying the p-values corresponding to moderated F-statistics, and
selecting as differentially expressed genes those that had adjusted p-values adjusted
using the Benjamini and Hochberg method®® lower than 0.05. The enrichment of
biological functions and pathways was analyzed using Ingenuity Pathway Analysis

software (Ingenuity Systems, USA).

3.4 RESULTS

3.4.1 Highly variable susceptibility of acute leukemias and Non-
Hodgkin’s lymphomas to y8-PBL cytotoxicity

In our laboratory we have studied a collection of 23 samples of acute lymphoblastic
leukemias and non-Hodgkin’s lymphomas, and a panel of 20 tumor cell lines of
hematopoietic origin. The latter included acute lymphoblastic leukemia (ALL) (JURKAT,
MOLT4, RCH-ACV, 697, CEM, TOM-1, RS4-11, B15, REH, Bv173) and acute
myelogenous leukemia (AML) (HL-60, HEL, THP-1) cell lines; and non-Hodgkin
Burkitt’'s (DAUDI, RAJI, RAMOS), follicular (DOHH2) and lymphoblastic (Oz) lymphoma
cell lines (Table 1). Although the capacity of peripheral blood y5 T cells to target multiple
tumor cell lines of hematopoietic origin is well documented?22833 e observed that a
substantial fraction of cell lines (Figure 2 A-B) and patient samples (Figure 2A and not
shown) were strikingly resistant to y6-PBL (obtained from healthy donors) pre-activated
(as illustrated by high CD69 levels) with HMB-PP, the most potent natural Vy9Vé2 T cell
activator known to date’®23'Z (Figure 1). For example, the B-ALL cell lines Bv173, REH
and 697 (Figure 2 A-B), and six primary samples obtained from B-ALL patients (Figure
2A and not shown), remained mostly alive (Annexin V') in co-cultures with fully-
activated (100% CD69"; not shown) y3-PBL. Similar data was obtained with primary T-
ALL samples and the cell line CEM (Figure 2A). This resistance to y5-PBL cytotoxicity
contrasted sharply with the extensive killing observed for the B-ALL line RCH-ACV and
the T-ALL line MOLT-4 (Figure 2A), among various other hematopoietic tumors (Figure
2B).
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Table 1. Description of the hematopoietic tumor cell lines used in this study.

PBX1 fusion

+, CD80 -, CD138 -, HLA-DR +, cylgM +,
cylgG -

: : : Karyotype/ :
Cell line Cell type Diagnosis Immunological markers PubMed
Genotype
ID
CD3 -, CD10 +, CD13 +, CD19 +, CD20 +,
Hyperdiploid, t(9;22)(q34;q11)-
. } ) CD34 -, CD37 -, CD79a -, cyCD79a +, CD80 -
Bv173 Pre-B cell Pre-B cell leukemia associated BCR-ABL fusion 6572735
, CD138 -, HLA-DR +, sm/cylgG -, sm/cylgM -
transcripts B2-A2
, sm/cykappa -, sm/cylambda —
Pre-B cell and
. H diploid, t(4:11)(q21:023) CD3 -, CD10-, CD4 +, CD13 +, CD14 (+),
monocyte erdiploid, t(4; ;
:II RS4-11 Y Pre-B cell leukemia yp. P .q a CD15 +, CD19 -, CD33 (+), CD34 -, CD68 +, 3917311
precr. (dual carries MLL-AF4 fusion gene
< i HLA-DR +
| origin)
.g CD3 -, CD10 (+), CD13 -, CD19 +, CD20 -,
_92 Hyperdiploid, Trisomy 8 and CD34 (+), CD37 -, CD79a -, cyCD79a +,
> RCH-ACV Pre-B cell Pre-B cell leukemia | t(1;19)(q23;p13.3) — E2A-PBX1 CD80 -, CD138 -, HLA-DR +, sm/cylgG -, 3455845
[0)
T) fusion smligM -, cylgM +, sm/cykappa -,
'-'c—'_) sm/cylambda -
8 o ) CD3 -, CD10 +, CD13 +, CD19 +, CD20 -,
a Pseudodiploidy, diverse
6) ) o ] CD34 +, CD37 -, CD38 +, CD79a +, cyCD79a
= B15 Pre-B cell Pre-B cell leukemia duplications, deletions and 3162827
% ] +, CD80 -, CD138 -, HLA-DR +, sm/cylgG -,
translocations
; smigM -, cylgM +, sm/cykappa -
E o ] CD3 -, CD10 +, CD13 +, CD19 +, CD20 +,
= Hyperdiploid, carries
3 . . CD34 +, CD37 +, CD38 +, CD79a -, cyCD79a
Q TOM-1 Pre-B cell Pre-B cell leukemia | 1(9;22)(q34;q11) effecting BCR- 3103721
< +, CD80 -, CD138 -, HLA-DR +, sm/cylgG -,
ABL rearrangement
sm/cylgM -, sm/cykappa -, sm/cylambda -
CD3 -, CD10 +, CD13 -, CD19 +, CD20 (+),
Diploid, t(1;19)(q23;p23) ; E2A- | CD34 -, CD37 -, CD38 +, CD79a -, cyCD79a
697 Pre-B cell Pre-B cell leukemia P (1:19)(a23:p23) y 6982733
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Pseudodiploid, carries
t(4;12)(q32;p13) and del (12)

CD3 -, CD5 -, CD10 +, CD13 -, CD19 +,
CD20 +, CD21 -, CD34 -, CD37 -, CD38 +,

Acute myelogenous

leukemia - AML

REH Pre-B cell Pre-B cell leukemia | producing respective TEL-AML1 | CD71 +, CD79a -, cyCD79a +, CD80 -, CD86 197411
fusion and deletion of residual -, CD138 +, HLA-DR +, sm/cylgG -, sm/cylgM
TEL -, sm/cykappa -,
CD3 -, CD10 +, CD13 (+), CD19 +, CD34 (+),
) Near-diploid, carries CD37 -, cyCD79a +, CD80 -, CD138 +, HLA-
NALM-6 PreB cell Pre-B cell leukemia 83966
t(5;12)(933.2;p13.2) DR +, sm/cylgG -, cylgM +, smigM -,
sm/cykappa -, sm/cylambda
CD2 -, CD3 +, CD4 +, CD5 +, CD6 +, CD7 +,
) Diploid, diverse deletions and CcD8 -, CD13 -, CD14 -, CD15 +, CD19 -,
CEM T-cell T-cell leukaemia 14278051
translocation CD33 -, CD34 -, CD68 -, CD90 -, HLA-DR -,
TCRalpha/beta +, TCRgamma/delta -
Pseudodiploid, Diverse
. CD2 +, CD3 +, CD4 (+), CD5 +, CD6 +, CD7
chromosomal aberrations,
JURKAT T-cell T-cell leukemia ] ) ) +, CD8 -, CD13 -, CD19 -, CD34 +, 68013
including deletions and
. TCRalpha/beta +, TCRgammal/delta -
translocation t(5;10)(q11;p15)
Hypertetraploid, diverse CD2 +, CD3 (+), CD4 +, CD5 +, CD6 +, CD7
MOLT-4 T-cell T-cell leukemia chromosomal aberrations, +,CD8 +, CD13 -, CD19 -, CD34 +, 4567231
including t(7;7)(p15;911) TCRalpha/beta -, TCRgamma/delta -
Pseudodiploid, diverse
Promyelocytic chromosomal aberrations, CD3 -, CD4 +, CD13 +, CD14 -, CD15 +,
HL-60 promyeloblast ) ] ) i 288488
leukemia including deletions and CD19 -, CD33 +, CD34 -, HLA-DR -
translocations
Hypotriploid, diverse
Erythroid chromosomal aberrations, CD3 -, CD13 +, CD14 -, CD15 +, CD19 -,
HEL Erythroleukemia ) . ) o 6177045
precursors including deletions, duplications | CD33 +, CD41 +, CD42 +, CD71 +, CD235a +
and translocations
CD3 -, CD4 +, CD13 +, CD14 (+), CD15 +,
) ) Near-tetraploid, carries t(9;11)
THP-1 Monocyte Monocytic leukemia CD19 -, CD33 (+), CD34 -, CD68 +, HLA-DR | 6970727

associated with AML-M5

+
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) Pre-
o B .o Diploid, t(9;22) - associated
2 c g Erythrocyte/ ) ) ) i CD3 -, CD13 (+), CD15 +, CD19 -, CD33 +,
s & § = K562 Myeloid leukemia BCR-ABL fusion transcripts B3- 95026
£ O x O granulocyte/ CD 71 +, CD 235a +;
O o 3 A2
g - monocyte
CD3 -, CD10 +, CD13 -, CD19 +, CD20 +,
. o CD34 -, CD37 +, CD38 +, CD79a +, cyCD79a
DAUDI Mature B cell | Burkitt's Lymphoma Diploid, t(8;14)(q24;q32) 4178827
+, CD80 +, CD138 -, HLA-DR +, sm/cylgG -,
g sm/cylgM +, sm/cykappa +, sm/cylambda -
o Hypodiploid, diverse deletions,
< o ) CD3 -, CD10 +, CD13 -, CD19 +, CD20 +,
Q. duplications and translocations,
e ) ) i CD34 -, CD37 +, CD38 +, CD79a +, cyCD79a
= RAMOS Mature B cell | Burkitt's Lymphoma including t(8;14)(q24;932.2) 181343
- . +, CD80 +, CD138 -, HLA-DR +, sm/cylgG -,
w effecting IGH/MYC
= sm/cylgM +, sm/cykappa -, sm/cylambda +
v rearrangement
[
ﬂ:JS CD3 -, CD10 +, CD13 -, CD19 +, CD20 +,
) Diploid, t(8,14)(q24;932) CD34 -, CD37 +, CD79a +, CD80 +, CD138 -,
RAJI Mature B cell | Burkitt's lymphoma ) 14086209
translocation HLA-DR +, sm/cylgG -, cylgM +, sm/cykappa
-, sm/cylambda -
Hyperdiploid; diverse CD3 -, CD10 +, CD13 -, CD19 +, CD20 +,
- ©
= g Follicular B cell chromosomal translocations incl. | CD34 -, CD37 +, CD38 +, CD79a +, CD80 +,
3 £ DOHH-2 | Mature B cell 1849602
5 g— Lymphoma t(8;14)(q24;932) and CD138 -, HLA-DR +, sm/cylgG +, sm/cylgM -,
— t(14;18)(932;921) sm/cykappa -, sm/cylambda +
Q
w @ ) _ CD3 -, CD10 +, CD13 -, CD19 +, CD20 -,
‘—_g g Pre-B non-hodgkin t(14;18)(932;921) translocation
o < 0oz Pre-B cell o CD38 +, CD79a +, HLA-DR +, sm/cylgG -, 9600110
g g- lymphoma which involves the Bcl-2 gene
§, = cylgM -, sm/cykappa -, sm/cylambda -
—
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Figure 1. Selective Vy9" T cell expansion and activation.

Percentage of Vy9* T cells in fresh PBMCs (left plot) and upon stimulation with HMB-PP (1 nM)
and IL-2 (100 U/ml) for 12 days (right plot). CD69 reports the activation status of the cells.
These results are representative of all healthy donors used in this study (range of Vy9*
enrichment: 90-98%).

For systematic analysis of our killing assay data, we considered tumor samples with
over 70% lysis as susceptible to y6-PBL-mediated lysis (“y3-susceptible”), and those
under 30% lysed as “yé-resistant”. Importantly, susceptibility was independent of the yo-
PBL donor, as the pattern of susceptible/ resistant lines was equivalent for three
independent healthy donors (Figure 3A). Moreover, the differences in susceptibility to yo
T cells were maintained when tumor cell lines were incubated with shortly (12 hrs)-
activated y5 T cells (Figure 3B), further supporting the segregation between susceptible
and resistant cell lines. As primary samples are difficult to obtain in order to reproduce
and expand experiments aimed at dissecting the molecular mechanisms of tumor lines
for the initial candidate searches, and later extended our findings to patient
susceptibility to y3-PBL cytotoxicity, we focused on our well-established panel of cell
lines for the initial candidate searches and latter extended our findings to patient

samples.
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Figure 2. Differential susceptibility of leukemia and lymphoma cells to y3-PBL
cytotoxicity.

(A) Annexin V staining for apoptotic tumor cells after 4 hours of co-incubation with HMB-PP-
activated y56-PBL. Tumors were B-ALL (left panels) or T-ALL (right panels) cells, either primary
samples or the indicated cell lines. (B) Summary of killing assays (as in A) with 20 leukemia or
lymphoma cell lines (described in Table 1). Error bars correspond to triplicate assays. (C) Effect

of increasing concentrations of H,O, on leukemia/ lymphoma cell apoptosis (% Annexin V*).

We first considered that tumor resistance to y6-PBL cytotoxicity could stem from
intrinsic anti-apoptotic mechanisms developed by some leukemia/ lymphoma cell lines.
However, when we tested the effect of a pro-apoptotic stimulus - H,O, —, we observed
no association between resistance to apoptosis and to y3-PBL cytotoxicity. Namely, the
cell lines Jurkat (yo-susceptible) and REH (ys-resistant) were more sensitive to non-
saturating concentrations of H,O, than the cell lines MOLT-4 (y3-susceptible) and RAJI
(yo-resistant) (Figure 2C). This suggests that susceptibility to y5-PBL cytotoxicity is not
related to their response to other death stimuli, and probably involves a specific protein

expression program (involved in tumor/ y3-PBL interactions) that we set out to

characterize.
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Figure 3. yo-PBL-mediated lysis of leukemia/ lymphoma cells.

Killing assay results for leukemia/ lymphoma cell lines using 12 day-cultured (as in Figure 1) yo-
PBL obtained from three independent healthy donors (A); and y6 T cells pre-isolated by MACS
and cultured for 12 hours on plain medium (RPMI) or supplemented with HMB-PP and IL-2 (B).

Plotted are percentages of Annexin-V* (dead) cells.

3.4.2 Genome-wide comparisons between yd-susceptible and v5-

resistant hematopoietic tumors

The observed differences in susceptibility y5-PBL cytotoxicity among hematopoietic
tumors emphasize the importance of defining gene signatures that may predict the
effectiveness of y6 T cell-based immunotherapies in the clinic. We performed a
genome-wide analysis aimed at comparing the mRNA expression profiles yo-
susceptible and ys-resistant tumors. We employed cDNA microarrays to examine two
pairs of hematopoietic tumor cell lines sharing the same cytogenetic alterations and
cellular phenotypes (Table 1): the Burkitt's lymphomas DAUDI (susceptible) and RAJI
(resistant); and the B-ALL lines RCH-ACV (susceptible) and 697 (resistant).

First, samples were grouped according to the similarity of gene expression patterns
using unsupervised clustering analysis (no group specification a priori). Based on the
entire probe set data, two main groups could be defined, which corresponded to the
original cell type (Figure 4A): pre-B (697 and RCH-ACV) and mature B cells (DAUDI
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and RAJI). We next applied principal component analysis (PCA), which identifies new
variables, the principal components, which are linear combinations of the original
variables (genes expression levels) and represent the largest variation found between
samples®2. Although the original cell type was the major source of variation between all
samples (53,3% of total variation), PCA showed that component 3 was responsible for
the segregation (16,4% of total variation) according to the susceptibility to y5-PBL
cytotoxicity (Figure 4B): susceptible (DAUDI and RCH-ACV) versus resistant (RAJI and
697).

To identify gene expression variations associated with susceptibility to y5-PBL
cytotoxicity, and to suppress the variations due to the transformed cell type (pre-B or
mature B cells), we first compared tumors with identical origin, i.e., DAUDI versus RAJI,
and RCH-ACV versus 697 (Supplementary Tables 2-3). We then used Bayesian linear
models*# and selected the common genes between both analyses: 340 genes (155 up
and 185 down-regulated in y3-susceptible tumors) presented similar gene expression
variations and were considered for further analysis (Supplementary Table 4).
Bioinformatics analysis revealed an enrichment for functions related to cell-to-cell
signaling and interaction, hematological system development and function, immune cell
trafficking (p-value < 0.05, Supplementary Table 5). Some of the top pathways affected
were interferon signaling, crosstalk between dendritic cells and natural killer cells and
molecular mechanisms of cancer (p-value < 0.05, Supplementary Table 6).

The gene expression variations observed also suggested that, consistent with our
previous experimental data (Figure 2C), the segregation between susceptible and
resistant tumors is not associated with expression of anti- or pro-apoptotic genes
(Figure 4C and Supplementary Table 7). Thus, up-/ down-regulation of pro-/ anti-
apoptotic genes did not correlate with susceptibility to y5-PBL cytotoxicity. Moreover,
apoptotic related functions and pathways were not enriched in the panel of 340 genes
(Supplementary Table 6). Based on these results, we favored the hypothesis that
susceptibility or resistance to y5-PBL cytotoxicity is conferred by signals presented at

the tumor/ y3-PBL interface, i.e., on the surface of leukemia/ lymphoma cells.
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Figure 4. Comparison of gene expression in tumor cell lines susceptible or
resistant to yd-PBL cytotoxicity.

Bioinformatics analyses of cDNA microarray comparisons between the Burkitt's lymphomas
DAUDI and RAJI; and the B-ALL lines RCH-ACV and 697. (A) Unsupervised hierarchical
clustering analysis. Samples with similar gene expression patterns are grouped together and
connected with branches, producing a clustering tree (or dendrogram) on which the branch
length inversely reflects the degree of similarity between samples. (B) Principal Component
Analysis. The samples are plotted according to the first and third principal components
(corresponding to the largest variation found between samples). (C) Variations in expression
levels of anti- or pro-apoptotic genes in susceptible versus resistant tumor cell lines. Dashed

lines indicate 2 fold-changes (in logarithmic scale) in the expression ratio susceptible/ resistant.

3.4.3 A set of cell surface proteins segregates between vo-

susceptible and yé-resistant leukemia/ lymphoma cell lines

T cells recognize their targets through cell surface antigens. We therefore focused
our analysis of the panel of 340 genes on those encoding plasma membrane proteins
(with extracellular domains), using a fold change threshold of 2 (log FC >1). These
consisted of 8 genes up-regulated and 19 genes down-regulated in yd-susceptible
tumors, when compared to resistant tumors (Supplementary Table 8). The mRNA
expression levels of the 27 candidates were assessed by RT-qPCR (in independent
samples) as to validate the microarray results. Upon statistical analysis of the data, 22
out of the 27 genes were confirmed as differentially expressed in the two pairs of cell
lines used for microarray comparisons: of these, 6 genes were up-regulated and 16
genes were down-regulated in y3-susceptible tumors (Figure 5A). In order to have more
stringent selection criteria, we extended our expression studies to a broader panel of
cell lines, including 6 susceptible and 4 resistant cell lines (Figure 6). This revealed 10
genes with significant expression variation between susceptible and resistant tumors (p-
value < 0.05 from Mann-Whitney test) (Figure 5B). Thus, our final panel of candidate

markers of susceptibility to y5-PBL cytotoxicity consisted of 3 genes enriched in yo-
84



Results — Chapter 3

susceptible tumors (ULBP1, TFR2 and IFITM1), and 7 genes enriched in ys-resistant
leukemias/ lymphomas (CLEC2D, NRP2, SELL, PKD2, KCNK12, ITGA6 and SLAMF1)

(Table 2).
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Figure 5. Variations in expression of genes encoding cell surface proteins that

segregate between yd-susceptible and yd-resistant leukemia/ lymphoma cell lines.

(A) RT-gPCR validation of microarray results for the comparisons of Figure 4. The mRNA

expression levels were normalized to GUSB and PSMB6 for each cell line. Plotted are the
averages of relative expression levels in DAUDI versus RAJI (DAUDI/ RAJI) and RCH-ACV
versus 697 (RCH-ACV/ 697). Dashed lines indicate 2 fold-change values (in logarithmic scale).

(B) Statistical analysis of RT-qPCR results (detailed in Figure 6) in 6 susceptible and 4 resistant

cell lines. Statistical significance was assessed by Mann-Whitney test (-log p value). Dashed

line represents the statistical threshold p = 0.01.

growth and vascularization

Symbol Description Biological function P
value
Enriched in yd-susceptible tumors
o . Ligand for NKG2D on NK and T cells;
ULBP1 UL16 binding protein ) o . ] 0
induces cytotoxicity, cytokine secretion
IFITM1 Interferon-induced
) Involved in cell proliferation and malignancy 0
(CD225) transmembrane protein 1
TFR2 Transferrin receptor 2 Cellular uptake of transferrin-bound Iron 0.004
Enriched in yd-resistant tumors
CLEC2D C-type lectin 2, D Ligand for the NK inhibitory receptor CD161 0.002
SELL Selectin L Adhesion of T cells to endothelial cells 0.001
Signaling lymphocytic
SLAMF1 Bidirectional T cell to B cell stimulation 0
activation molecule 1
KCNK12 Potassium channel K, 12 Potassium channel 0
ITGAG6 Integrin alpha 6 Integrin; receptor for laminin 0.014
PKD2 Polycystic kidney disease 2 Calcium channel 0.017
. Co-receptor for VEGF; implicated in tumor
NRP2 Neuropilin 2 0.018

Table 2. Panel of cell surface proteins associated with the susceptibility or

resistance of lymphomas/ leukemias to y3 T cell cytotoxicity.

The statistical difference between the average gene expression in the 6 susceptible versus the

4 resistant tumors of Figure 4 was assessed by Mann-Whitney test (p<0.05).
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Figure 6. Real-time quantitative PCR data for the 22 candidate genes.

Real-time quantitative PCR data for the 22 candidate genes encoding cell surface
proteins identified as differentially expressed by cDNA microarray analysis (as
described in Figure 5), in a panel of 6 yd-susceptible and 4 yo-resistant cell lines
(separated by dashed line). mMRNA expression levels were normalized to
housekeeping genes GUSB and PSMBG6. Error bars correspond to three

independent experiments.

3.4.4 Heterogeneity of expression of candidate markers in primary

leukemia and lymphoma samples

We next determined the expression levels of each candidate marker in primary
samples obtained from T-cell acute lymphoblastic leukemia (T-ALL) and non-
Hodgkin’s lymphoma (NHL) patients. Within the latter we sampled patients with
common indolent (follicular) or aggressive (diffuse large B cell - DLBCL) lymphomas.
Gene expression levels in samples were compared with healthy PBMCs (for ALL)
and reactive follicles (for NHL), taken as references (0 on log scale) in Figure 7 A-B.
Hence, a positive or negative (log scale) variation indicates higher or lower
expression in tumors than in the control samples, respectively. Overall, the tumors
exhibited very variable gene expression profiles. For example, among susceptibility-
associated genes, ULBP1 was overexpressed in a large number of primary samples,
while TFR2 was only enriched in three FL samples (FL 1, FL 2 and FL 8), and
IFITM1 was strongly depleted in various tumors (Figures 7A and B). On the other
hand, all resistance-associated genes were overexpressed in FL sample 3, by
contrast with the majority of primary samples analyzed. Moreover, some markers,
such as ITGAG6 or SELL, essentially did not vary among the various patients (Figures
7A-B). Collectively, these data revealed a striking heterogeneity in the expression of
particular candidate genes in primary tumors. When compared to our results with
tumor cell lines (Figure 6), these clinical data possibly reflect distinct selective
pressures on the expression of the genes that compose the candidate panel, the

consequence of which should now be evaluated in clinical trials.
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Figure 7. Quantification of mRNA expression levels of yd-susceptibility
markers in acute lymphoblastic leukemia and non-Hodgkin’s lymphoma
patients.

(A) RT-gPCR analysis of mRNA expression in 11 T cell acute lymphoblastic leukemia (T-
ALL) samples, normalized to housekeeping genes (GUSB and PSMB6) and to reference
PBMCs from healthy individuals. Values were converted to logarithmic scale. (B) RT-qPCR

analysis of mRNA expression in 8 follicular lymphoma (FL) and 4 diffuse large B cell
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lymphoma (DLBCL) samples, normalized to housekeeping genes (GUSB and PSMB6) and
to a reference sample - reactive follicles — obtained through the same procedure. Values

were converted to logarithmic scale.

3.4.5 The MHC class Ib protein ULBP-1is a nonredundant determinant

of leukemia/lymphoma susceptibility to yd T cell cytotoxicity

ULBP-1, a molecule that is known to stimulate NK cell cytotoxicity (Table 2), also
presented the highest degree of overexpression in leukemias and lymphomas
(Figures 6 and 7). This prompted us to assess the physiologic role of this NKG2DL in
leukemia targeting by ¢d-PBL through loss-of-function studies using RNA
interference. ULBP1 mRNA and protein expression levels were efficiently and

specifically decreased on shRNA transfection (Figure 8A and data not shown).
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3 1
i
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Figure 8. ULBP1 is required for Vy9Vd2 T-cell recognition of leukemia/

lymphoma cells.
(A) Lentiviral shRNA-mediated knockdown of ULBP1 and MICA in Molt-4 or Jurkat leukemia
cells was confirmed by quantitative RT-PCR using GUSB and PSMB6 as endogenous
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references. Cells were infected with 10 pL of high-titer virus (10’ CFU/mL) in media
containing polybrene, submitted to selection 48 hours later, and collected for analysis 96
hours after infection. siSCRAM is an shRNA of scrambled (unspecific) sequence, used as
an infection control. Error bars represent SD (n = 3). **P <.01. (B) Molt-4 or Jurkat leukemia
cells, subjected to ULBP1 or MICAsh RNA knockdown (as in panel A), were used in in vitro
killing assays either in the presence (+) or absence (-) of y3-PBLs (as in Figure 2B).
Nontransduced (NT) and siSCRAM-transduced cells were used as controls. This work was

performed in collaboration with Telma Lanca in the host laboratory>™.

Loss of ULBP1 expression caused a significant reduction (35%-50%) of y56-PBL—
mediated lysis of leukemia lines (Figure 8B), essentially “converting” these
susceptible tumors into yd-resistant lines. These data collectively suggest that

ULBP1 plays a crucial and nonredundant role in y5-PBL recognition of leukemias.
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Table 3. List of primers used in this study for RT-qPCR analysis

Gene Gene ID Primer forward (5°-3") Primer reverse (5-3")

ATP1B1 NM_001001787.1 | CCGCCAGGATTAACACAGAT TCCTCGTTCTTTCGGTTCAC
CCR7 NM_001838.2 TTCCAGGTATGCCTGTGTCA ATAGGTCAACACGACCAGCC
CCRL1 NM_016557.2 CTAAAGTCCCCAGCCAATCA TGATGTTCCTAGGTAGCGGG
CD151 NM_004357.4 AACACGGAGCTCAAGGAGAA AGCGGATCCACTCACTGTCT
CD24 NM_013230.2 ACCCACGCAGATTTATTCCA GAGACCACGAAGAGACTGGC
CD58 NM_001779.2 ATGAAATGGAATCGCCAAAT TTGCTCCATAGGACAATCCC
CD70 NM_001252.3 TGGTACACATCCAGGTGACG GAGGCGGGAGAGCAGATT
CLEC2D NM_001004419.2 | TCCAAGACCTGTCATGGTTTC |ACTGGCACCTTTGTCATTCA
CLSTN3 NM_014718.3 ATGGCGTAACTCCCAACAAG TCATCACAGACCTGCTCCAG
EMP3 NM_001425.2 TGTCACTCCTCTTGCTGGTG ACATTACTGCAGGCCCATGT
FAS NM_000043.3 CAAGGGATTGGAATTGAGGA TACTCCTTCCCTTCTTGGCA
GPR137B NM_003272.3 TACTCAAATACCGGTTGCCC GATGGAGAGAGAGACGGCAC
HLA-DBP1 | NM_002121 CCTGAATGGACAGGAGGAAA TACTCCGGGCAGAATCAGAC
HLA-DRB3 | NM_022555.3 GCTGAAGTGCAGATGACAATTT | GAACTGAGGAAGCCACAAGG
IFITM1 NM_003641.3 ACTGAAACGACAGGGGAAAG GTGTGGTTTTCTGCGTGGA
ITGA6 NM_000210.2 GGGAGTACCTTGGTGGATCA AGCATGGATCTCAGCCTTGT
KCNK12 NM_022055.1 TCGCTCTACTTCTGCTTCGTC GTTGAGCACCTGCTTGATGA
NETO2 NM_018092.3 GAACCAGCAATGGAGGTCAT TCCAAGTGATCAAACCGACA
NRP2 NM_003872.2 GCAGTGGACATCCCAGAAAT CGATGATGGTGATGAGGATG
P2RX5 NM_002561.2 GGGCACCTGTGAGATCTTTG TGACGTCCATCACATTGCTT
PKD2 NM_000297.2 TGGAAATTCGCATTCACAAA GATGCTCAAAGTTGGGGAAA
PTCHA1 NM_001083603.1 | TAACGCTGCAACAACTCAGG GAAGGCTGTGACATTGCTGA
SELL NM_000655.3 CACCCAGAGGGACTTATGGA CAATTTCCGCCTTGTTTTGT
SLAMF1 NM_003037.2 CAGGCCCTCCACGTTATCTA TTCTGGAGTGGAGACCTGCT
TFR2 NM_003227.3 GAATGATTCAGGGTCAGGGA ACCGTCACATTAGGGTCAGC
TLR4 NM_138554.3 TGAGCAGTCGTGCTGGTATC CAGGGCTTTTCTGAGTCGTC
TNFRSFR21 [ NM_014452.3 GTGGGCTGATGGAAGACAC CAGGAGAGCGGAATTCTCAA
ULBP1 NM_025218.2 ACTGGGAACAAATGCTGGA TGCCAGCTAGAATGAAGCAG
GUSB NM_000181.2 TGCAGCGGTCTGTACTTCTG CCTTGACAGAGATCTGGTAATTCA
PSMB6 NM_002798.1 GGCGGCTACCTTACTAGCTG AAACTGCACGGCCATGATA
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3.5 DISCUSSION

The success of immunotherapy to tackle tumors, in particular those that prevail
after chemo- or radiotherapy, critically depends on two factors: the specific activation
of effector anti-tumor lymphocytes; and the molecular recognition of tumor cells by
activated lymphocytes. Concerning yo T cells, research over the last 15 years has
identified very potent and specific phosphoantigens, most notably HMB-PP122317,
that seem to fulfill the first requirement. However, despite suggestions of

phosphoantigens themselves!22208272

, or a F1-ATPase-related structure complexed
with delipidated apolipoprotein A-12Z, or the non-classical MHC protein ULBP422
being responsible for tumor cell recognition by Vy9Vs2 PBL, the issue is still highly
controversial. This naturally impacts on our ability to design effective therapeutic
protocols based on y5-PBL immunotargeting of tumors. Thus, only 33% of patients
with prostate carcinoma®® or non-Hodgkin’s lymphoma®® showed objective
responses despite large activation and expansion of their Vy9Vé2 T cells in vivo.
These considerations stress the importance of identifying tumor molecular
signatures that may predict the response to activated y5-PBL.

In this study we set out to identify cell surface proteins involved in interactions
between leukemia/ lymphoma cells and y3-PBL. Taking tumor cytolysis (in vitro) as
functional readout, we screened a panel of 20 leukemia and lymphoma cell lines that
faithfully reproduced the susceptibility/ resistance of primary tumors (Figure 2A). The
use of cell lines permitted experimental reproducibility and hence statistical
robustness for the gene expression undertaken. Upon the identification of candidate
markers, we analyzed their expression in 23 samples derived from T-ALL and NHL
(FL and DLBCL) patients.

The choice of cDNA microarrays as screening tools was based on a multiplicity of
previous studies that demonstrated how powerful and reliable they are in defining
cancer molecular signatures®2. Our analyses led to the identification of a large panel
of genes differentially expressed between “y3-susceptible” and “yé-resistant” tumors.
Importantly, we verified that there was no correlation between intrinsic anti-apoptotic
properties and resistance to y5-PBL cytotoxicity, both in terms of gene expression
and response to a death stimulus. Thus, susceptibility or resistance to yd-mediated
lysis is more likely to be related with tumor recognition and immune evasion

strategies, the molecular basis of which remains to be elucidated. Of note, MHC
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class la expression did not consistently segregate between yd-susceptible and yé-
resistant tumor cell lines (Figure 9). For example, among susceptible lines, DAUDI
and MOLT-4 expressed very low or undetectable levels, whereas JURKAT and
RCH-ACV displayed high levels of surface MHC class | (Figure 9). These data
exclude a mechanism of “missing self’ as the basis for y& T cell recognition of
hematopoietic tumors.

Building upon stringent biological and statistical selection criteria, we narrowed
our microarray data down to 10 genes encoding cell surface proteins (with
extracellular domains), whose expression segregated with susceptibility versus
resistance to yo6-PBL cytotoxicity. We believe the provision of this gene profile to the
biomedical community is of great value. Thus, we propose the expression of each
candidate gene to be evaluated during upcoming yd T cell-based clinical trials. The
genes with highest predictive value will constitute novel leukemia/ lymphoma
biomarkers, for which standardized quantification essays should be developed. This
will endow clinicians with a key tool for the indication and monitoring of yo T cell-
based immunotherapies.

Furthermore, within the panel of 10 candidate markers, some are likely to play
non-redundant roles in leukemia/ lymphoma cell recognition by y3-PBL. Thus,
proteins that are enriched in yd-susceptible tumors may provide activation signals,
whereas markers of resistance may convey inhibitory signals to y3-PBL.
Provocatively, 7 of the candidates are known to intervene in immune responses: 4 of
them (ULBP1, IFITM1, CLEC2D and SLAMF1) provide stimulatory (or inhibitory)
signals through receptors expressed on lymphocytes, while 3 (NRP2, SELL and
ITGAB) control lymphocyte adhesion. IFITM1 was shown to modulate NK cell
responses and its expression correlated with improved survival of gastric cancer
patients®22. By contrast, the expression of CLEC2D, a ligand for the inhibitory
receptor CD161, inhibits NK cell responses and was associated with increased
malignancy grade of glioblastoma’l. NRP2 is another protein that can favor cancer
progression by acting as a coreceptor for Vascular Endothelial Growth Factor
(VEGF) and stimulating tumor growth®2. We will proceed with individual knock-down
(RNA interference) experiments in a functional (tumor killing) bioassay to dissect the
role of each of the candidates in y3-PBL targeting of leukemias and lymphomas.

Given that some of these molecules can also provide costimulatory or inhibitory
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signals to NK cells, we also plan to address their role in NK cell targeting of
hematopoietic malignancies.

ULBP1 is a ligand for the NKG2D receptor expressed on all cytotoxic lymphocyte
lineages, including 100% of Vy9Vé2 T cells, which has been clearly implicated in
anti-tumor responses?22:331:332 \\e showed that the expression levels of ULBP1
determine leukemia/ lymphoma susceptibility to yd T cell-mediated cytolysis, and
therefore, we propose ULBP1 to be tested as a biomarker in upcoming yd6 T cell—-
based cancer clinical trials. Importantly, we observed a frequent down-regulation of
ULBP1 expression in primary samples from leukemia patients (Figure 7A), which
may underlie an immune evasion mechanism developed during tumor progression.

In sum, this study establishes a panel of 10 putative markers of leukemia/
lymphoma susceptibility to y6-PBL cytotoxicity. The expression data collected from
primary samples showed a striking heterogeneity for particular candidate genes,
most notably ULBP1, whereas other genes, such as IFITM1, ITGA6 or SELL,
essentially did not vary among patients. It is therefore predictable that different
components of the proposed panel will have very distinct behaviors when associated
to therapeutic outcome in clinical trials. It will also be interesting to infer to what
extent immunoselection may have conditioned the expression of these markers in
tumors evolving in a dynamic interaction with y5 T lymphocytes. This will significantly
add to our understanding of anti-tumor immunity and to our capacity to modulate it

for cancer immunotherapy.
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4. DIFFERENTIATION OF HUMAN PERIPHERAL BLOOD V81" T
CELLS EXPRESSING THE NATURAL CYTOTOXICITY RECEPTOR
NKP30 FOR RECOGNITION OF LYMPHOID LEUKEMIA CELLS

4.1 ABSTRACT

4.1.1 Background / Objectives

The success of cancer immunotherapy depends on productive tumor cell
recognition by killer lymphocytes. yd T cells are a population of innate-like
lymphocytes endowed with strong, MHC-unrestricted cytotoxicity against tumor cells.
This notwithstanding, we recently showed that a large proportion of human
hematologic tumors is resistant to y6 peripheral blood lymphocytes (PBLs) activated
with specific agonists to the highly prevalent Vy9V62 TCR. Although this probably
constitutes an important limitation to current yd T cell-mediated immunotherapy
strategies, we describe here the differentiation of a novel subset of V&2~ V51" PBLs
expressing natural cytotoxicity receptors (NCRs) that directly mediate killing of

leukemia cell lines and chronic lymphocytic leukemia patient neoplastic cells.

4.1.2 Methodology / Principal Findings

We show that V31" T cells can be selectively induced to express NKp30, NKp44
and NKp46, through a process that requires functional phosphatidylinositol 3-kinase
(PI-3K)/AKT signaling on stimulation with vy, cytokines and TCR agonists. The stable
expression of NCRs is associated with high levels of granzyme B and enhanced
cytotoxicity against lymphoid leukemia cells. Specific gain-of-function and loss-of-
function experiments demonstrated that NKp30 makes the most important
contribution to TCR-independent leukemia cell recognition. Thus, NKp30™ V81" T
cells constitute a novel, inducible and specialized killer lymphocyte population with

high potential for immunotherapy of human cancer.
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4.2 INTRODUCTION

Tumors develop in hosts endowed with a highly complex immune system that
includes various lymphocyte subsets capable of recognizing and destroying
transformed cells. It is now widely accepted that, although lymphocytes may
constantly patrol tumor formation, cancer cells develop molecular strategies to evade
immune surveillance, which are competitively selected under the pressure of the
host immune system!*. This dynamic process, termed “cancer immunoediting,” is
thought to constitute a major obstacle to cancer immunotherapy2.

Among multiple immune evasion mechanisms, we have recently shown that
leukemia and lymphoma primary cells often down-regulate the non-classical MHC
protein, ULBP1, which is critical for recognition of hematologic tumors by y3 T cells
expressing the counter-receptor NKG2D*'2. v§ T cells are innate-like lymphocytes
that account for 1%-10% of peripheral blood lymphocytes (PBL) of healthy people
and are capable of targeting a significant fraction of hematologic tumor cell lines
tested in the laboratory®®3. However, we have demonstrated that many lymphoid
leukemia cells are resistant to fully activated Vy9Vé2 T cells®233 the dominant
subset of yd0 PBLs. Furthermore, clinical trials involving the in vivo administration of
activators of Vy9Vo2 T cells have shown limited success, with objective responses
restricted to 10%-33% of patients with either hematologic or solid tumors?2290.2%9
Even more modest has been the outcome of trials involving the adoptive transfer of
activated and expanded V§2* cells, because no objective responses have been
reported®®. In fact, the simple ex vivo expansion of autologous V52" T cells, whose
surveillance the tumor managed to escape in vivo, may be condemned to little
therapeutic effect on reinjection into the patient. Therefore, we believe it is critical to
invest in strategies that endow yd T cells with additional recognition machinery to
detect tumors that have resisted the natural components present in vivo.

Besides Vy9Vé2 T cells, V81" T cells are also endowed with potent antitumor
cytolytic  function, particularly as tissue-associated or tumor-infiltrating
lymphocytes®21:334335  Moreover, V81" T cells can constitute up to 30% of all v&
PBLs and may thus represent an important alternative population for adoptive cell
therapy. However, this possibility remains poorly explored.

In this study we identified and characterized a novel V31" PBL subset capable of

targeting hematologic tumors highly resistant to fully activated Vy9V62 PBLs. We
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show that this V81" population owes its specialized killer function to induced
expression of natural cytotoxicity receptors (NCRs), which have been mostly
regarded as NK-specific markers. Instead, we show that, although neither V51" nor
V62" cells express NCRs constitutively, these can be selectively up-regulated in
V51" cells by AKT-dependent signals provided synergistically by y. cytokines (IL-2 or
IL-15) and TCR stimulation. We further show that NKp30 and NKp44 are both
functional in NCR" V81" PBLs, and synergistically contribute to enhanced targeting
of lymphocytic leukemia cells, with NKp30 playing the major role in this process.
Thus, NKp30® V51" PBL constitute a novel promising population for adoptive cell

immunotherapy of hematologic malignancies.

4.3 Methods

Ethics statement. Research involving clinical samples was conducted according
to the principles expressed in the Helsinki Declaration. All procedures were
approved by the review board of Instituto Portugués de Oncologia de Lisboa
(Portugal).

4.3.1 Isolation of human peripheral blood y8 T cells

Peripheral blood was collected from anonymous healthy volunteers, diluted in a
1:1 ratio (volume-to-volume) with PBS (Invitrogen Gibco), and centrifuged in Ficol-
Paque (Histopaque-1077; Sigma-Aldrich) in a volume ratio of 1:3 (1 part ficol to 3
parts diluted blood) for 30 minutes at 1 500 rpm and 25°C. The interfase containing
mononuclear cells was collected and washed (in PBS), and yé T cells were isolated
(to above 95% purity) by magnetic cell sorting via positive selection (with a FITC-
labeled anti-TCRyd antibody) or via negative selection (with a cocktail of Biotin-
labeled antibodies; Miltenyi Biotec). When noted, V81" cells were further purified by
magnetic cell sorting via positive selection with a FITC-labeled anti-Vé1 TCR

antibody (Fisher Scientific) and anti-FITC microbeads (Miltenyi Biotec).
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432 Cell culture

Isolated y8 PBLs were cultured at 10° cells/mL at 37°C, 5% CO? in round-bottom
96 well plates with RPMI 1640 and 2 mM I-glutamine (Invitrogen Gibco)
supplemented with 10% FBS (Invitrogen Gibco), 1 mM sodium pyruvate (Invitrogen
Gibco), and 50 mg/mL of penicillin and streptomycin (Invitrogen Gibco). The cells
were expanded in the presence of 100 U/mL of rhiL-2 (Roche Applied Science), with
or without 10 nM of HMB-PP (4-hydroxy-3-methyl-but-2-enyl pyrophosphate;
Echelon Biosciences) and 1ug/mL of phytohemagglutinin (PHA; Sigma-Aldrich).
Cells were washed and the culture medium was replaced every 5-6 days. To study
the induction of NKp30 expression, yd PBLs were cultured in the presence or
absence of 100 U/mL of rhiL-2 (Roche Applied Science), 1ug/mL of soluble anti-CD3
antibody (eBioscience; clone OKT3), and 20ng/mL of rhiL-15 (Biolegend). For TCR
blockade, freshly isolated yo6 PBL were CFSE-labeled and then incubated for 7 days
with anti-TCRyd (Beckman Coulter; clone IMMU510) diluted 1:20 in complete
medium supplemented with 1ug/mL PHA and 100 U/mL rhIL-2. To study the effects
of chemical inhibitors of signal transduction, the MEK inhibitor UO126 and the PI-3K
inhibitor LY294002 (both from Calbiochem) were added at 10 mM for a 2-hour
incubation period and then maintained in culture with 100 U/mL rhiIL-2 and 1pg/mL
PHA for 7 days.

4.3.3 Flow cytometry cell sorting

For sorting of y& PBL based on the expression of NKp30 and V51" TCR, cells from
PHA and IL-2-activated cultures were stained with anti-NKp30 (Biolegend; clone
P30-15), anti-Vd1 (Thermo Fisher Scientific; clone TS8.2), and sorted on a
FACSAria cell sorter (BD Biosciences).

434 Leukemia patient samples

B-cell chronic lymphocytic leukemia cells were obtained from the peripheral blood of
patients at presentation, after informed consent and institutional review board
approval (Instituto Portugués de Oncologia de Lisboa, Portugal). Samples were
enriched by density centrifugation over Ficol-Paque and then washed twice in 10%
RPMI 1640.
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4.3.5 In vitro tumor killing assays

All tumor cell lines (details provided in previous chapter) were cultured in complete
10% RPMI 1640, maintained at 10° up to 10° cells/mL by dilution and splitting in a
1:3 ratio every 3-4 days. For cytotoxicity assays, magnetically purified yd PBL were
preactivated for 7-19 days in the presence of IL-2 (100 U/mL) and either 1ug/mL
PHA or 10 nM HMB-PP. For receptor blocking, y6 PBLs were incubated for 2 hours
with the blocking antibodies anti-NKp30 (clone F252), anti-NKp44 (clone KS38), anti-
NKp46 (clone KL247), anti-TCRyd (Beckman Coulter, clones IMMU510 or B1.1), or
anti-Vé1 TCR (Fisher Scientific, clones TCS1 or TS8.2). The blocking antibodies
were maintained in the culture medium during the killing assays. Tumor cell lines or
leukemia primary samples were stained with CellTrace Far Red DDAO-SE (1 uM;
Molecular Probes, Invitrogen) and each batch of 3 x 10* tumor cells was incubated
with 1.5 x 10° to 3 x 10° 8 T cells in RPMI for 3 hours at 37°C and 5% CO? on a
round-bottom plate with 96 wells. Cells were then stained with Annexin V-FITC (BD
Biosciences) and analyzed by flow cytometry. For the redirected killing assays, PHA
and IL-2—activated yd PBL were incubated for 4 hours with the NCR agonists anti-
NKp30 (clone AZ20), anti-Nkp44 (clone Z231) or anti-NKp46 (clone Bab281) during

a standard °'Cr release assay.

4.3.6 Flow cytometry analysis

Cells were labeled with the following fluorescent monoclonal antibodies: anti-CD3—
PerCP-Cy5.5 (eBioscience; clone OKT3); anti-TCRy6—FITC (eBioscience; clone
B1.1); anti-CD69-PE (BD Pharmingen; clone FNS50); anti-NKG2D-PE/Cy7
(Biolegend; clone 1D11); anti-2B4—-APC (Biolegend, clone C1.7); anti-DNAM-1-
Alexa-Fluor647 (Biolegend; clone DX11); anti-NKp30—-APC (Biolegend; clone P30-
15); anti-V62 TCR-PE (Biolegend; clone B6); anti-NKp44-APC (Biolegend; clone
P44-8); anti-NKp46—AlexaFluor647 (Biolegend; clone 9E2); anti-V61 TCR-FITC
(Thermo Fisher Scientific; clone TS8.2); anti-NKp30-PE (Biolegend; clone P30-15);
anti-Mouse 1gG1k-APC Isotype Citrl (Biolegend; clone MOPC-21); anti-Mouse
IlgG1k-PE Isotype Citrl (Biolegend, clone MOPC-21); anti-CD27-APC/Cy7
(Biolegend, clone 0323); and anti-CD56—-APC (Biolegend, clone HCD56). Cell
proliferation was measured by following a standard CFSE staining protocol

(CellTrace CFSE Cell Proliferation Kit, Invitrogen; final concentration 0.5 mM), while
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apoptosis was assessed by Annexin V-FITC (BD Pharmingen) staining. Cells were

analyzed on a FACSCanto flow cytometer (BD Biosciences).

4.3.7 RNA isolation and cDNA production

Total RNA was extracted using the RNeasy Mini Kit according to the manufacturer's
protocol (QIAGEN). Concentration and purity was determined by spectrophotometry
and integrity was confirmed using an Agilent 2100 Bioanalyzer with a RNA 6000
Nano Assay (Agilent Technologies). Total RNA was reverse-transcribed into cDNA
using random hexamers and Superscript |l first strand synthesis reagents

(Invitrogen).

4.3.8 Real-time quantitative PCR
Real-time quantitative PCR (qgPCR) was performed on ABI Prism 7500 FAST

Sequence Detection System using SYBR Green detection system (both from
Applied Biosystems). Primers were designed using Primer3 v.0.4.0 online program
(http://primer3.sourceforge.net). For each transcript, quantification was done using
the calibration curve method. B2-microglobulin (B2M), Glucoronidase 3 (GUSB) and
proteasome subunit B type 6 (PSMB6) were used as housekeeping controls for
normalization of gene expression. The following primers were used: B2M, forward
CTAT CCAG CGTA CTCC AAAG ATTC, reverse CTTG CTGA AAGA CAAG TCTG
AATG; PSMB6, forward GGCG GCTA CCTT ACTA GCTG, reverse AAAC TGCA
CGGC CATG ATA; GUSB, forward TGCA GCGG TGTA CTTC TG, reverse CCTT
GACA GAGA TCTG GTAA TCA; B7H®6, forward TCAC CAAG AGGC ATTC CGAC
CT, reverse ACCA CCTC ACAT CGGT ACTC TC; NKP44, forward CCGT CAGA
TTCT ATCT GGTG GT, reverse CACA CAGC TCTG GGTC TGG; NKP46, forward
AAGA CCCC ACCT TTCC TGA, reverse TGCT GGCT CGCT CTCT AGT; GZMB,
forward GGGG GACC CAGA GATT AAAA, reverse CCAT TGTT TCGT CCAT
AGGA G. All samples were run in triplicate and repeated 3 times. Analysis of the
gPCR results was performed using the ABI SDS v1.1 sequence analysis software

(Applied Biosystems).
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Statistical analysis
Differences between subpopulations were assessed using the Student t test and are

indicated when significant as *P < .05; **P < .01; and ***P < .001 in the figures.

4.4 RESULTS

4.4.1 Enhanced cytotoxicity of yd PBL cultures activated with pan-

T-cell mitogen

We compared the antitumor killing capacity of y3 PBL cultures (always
maintained in the presence of IL-2) activated either with PHA, a plant lectin that acts
as a potent T-cell mitogen®®, or the specific Vy9V52 TCR agonist HMB-PP#1831,
Although both regimens were similarly efficient at activating y6 PBLs, as evaluated
by CD69 up-regulation and cell proliferation (Figure 1A), we noted that samples
activated with PHA were consistently better killers of hematopoietic tumor cell lines
than samples (of the same donor origin) stimulated with HMB-PP (Figure 1B-C). This
was valid across all donors tested (Figure 1B, Table 1, and data not shown) and was
associated with higher expression of GZMB (Figure 1D), a key component of the
lymphocyte cytolytic machinery. Of note, freshly isolated y5 PBLs, which lack GZMB
expression (Figure 1D), displayed very poor antileukemia cytotoxicity (< 10% killing;
not shown), as previously reported3™.

The superior cytotoxic function of PHA-stimulated yd6 PBL cultures was a
surprising finding, because we and others have shown that HMB-PP is a very potent
activator of the highly dominant Vy9V82 PBL subset?f. We were particularly
interested that, compared with HMB-PP-activated y6 PBL, PHA-stimulated cultures
displayed improved cytotoxicity against various resistant leukemia cell lines, such as
Bv-173, REH or HPB-ALL (Figure 1B-C), which we had shown to lack expression of
the critical NKG2D ligand ULBP12™233 Of note, PHA-stimulated y& T cells did not
target normal (healthy) PBMC (Figure 2). These data demonstrate that the pan—T-
cell mitogen PHA is capable of increasing the cytolytic potential of medium-term (1-3
weeks) yd PBL cultures against leukemia cells, which could be of great value for

adoptive cell immunotherapy.
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Figure 1. Enhanced antileukemia cytotoxicity of yo PBL cultures activated with
pan—T-cell mitogen.
(A) yd peripheral blood lymphocytes (yd PBLs) were MACS-sorted from the peripheral blood
of healthy volunteers (left panel), and stimulated with either HMB-PP and IL-2 or PHA and
IL-2 for 4 to 19 days. Activation was evaluated by flow cytometry for CD69 up-regulation
(middle panels; levels in freshly isolated control cells are shaded), and total cell numbers are
shown on the right panel. (B-C) Preactivated (for 14 days, as in panel A) y6 PBLs were
coincubated with DDAOse-labeled leukemia cells for 3 hours. Tumor cell lysis was
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evaluated by Annexin-V staining using flow cytometry. (B) Representative results of 6
different donors for the Bv173 leukemia cell line. Percentages refer to Annexin-V* tumor
cells. Basal tumor cell apoptosis (in the absence of yd PBL) was < 5%. (C) Summary of the
results of 6 different donors with 4 leukemia target cell lines. Error bars represent SD (n = 6,
*P < .05; **P < .01). (D) Real-time PCR quantification of GzmB mRNA levels in freshly
isolated, HMB-PP and IL-2—activated and PHA and IL-2—activated y6 PBL. Data in this figure

are representative of 2 to 3 independent experiments with similar results.

Donor 1 213 | 4 5 6
% Vo1t 5 2012015 | 7 |45
% Vo2t 80 |75]|70]|81| 88 | 48

Table 1. Percentages of V81" versus V82" cells within y8 PBLs of six healthy

individuals used as donors in Figure 1B.

80 -y
60 - Wye
40 -
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: i =

MOLT-4 Heterologous  Autologous

Healthy PBMCs

Figure 2. PHA/ IL-2 activated NCR* V81" PBLs do not target healthy PBMCs.

MACS-purified V51" PBLs were activated with PHA / IL-2 and then used in killing assays
(performed as described in Figure 1) against the leukemia cell line MOLT-4, or PBMCs

(autologous or heterologous) obtained from healthy donors. Error bars represent SD (n=3).
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4.4.2 Induction of NCR expression on y6 PBLs activated with pan-

T-cell mitogen

We next investigated the mechanism(s) underlying the enhanced cytotoxicity of
PHA-activated y6 PBL cultures. We considered that this could be explained by
differential expression of receptors such as NKG2D#2148319  DNAM-1224230 of
2B43Z  all previously shown to participate in tumor cell recognition by killer
lymphocytes. However, none of these candidates was differentially expressed
between PHA-activated and HMB-PP-activated y6 PBL cultures (Figure 3A). By
contrast, and unexpectedly, the natural cytotoxicity receptor NKp30, an important
trigger of NK cell cytotoxicity®®, was specifically found on PHA-stimulated v5 PBLs
(Figure 3B; Figure 4A-B). Furthermore, the other NCR family members, NKp44 and
NKp46, were also selectively expressed in these samples (Figure 3C-D; see next
paragraph).

The proportion of NKp30* cells increased steadily with culture time (Figure 3E),
suggesting an association of NKp30 induction with cell proliferation. Although
unlikely because of the very low background in fresh samples (Figure 4B), it was
possible that a minute subset constitutively expressing NKp30 could be preferentially
expanded in PHA-stimulated yd PBL cultures. However, experiments with highly (>
99%) FACS-purified NKp30 cells demonstrated that NKp30™ cells were able to
acquire NKp30 expression as efficiently as unsorted cells on PHA and IL-2
stimulation (Figure 5). Moreover, under such conditions, NKp30~ and NKp30™ cells
proliferated to similar extent (not shown), further arguing against preferential
expansion of NKp30™ cells under such conditions. These results suggest that NKp30
expression is induced de novo on yd PBL activation by PHA and IL-2 treatment,

which is coupled to cell proliferation.
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Figure 3. Induction of natural cytotoxicity receptor expression in yd PBLsS
activated with pan-T-cell mitogen.

vd PBLs were cultured as described in Figure 1 for 4-19 days and analyzed by flow
cytometry for surface expression of various NK receptors. (A) Results for NKG2D, 2B4 and
DNAM-1 in 10-day cultures activated either with HMB-PP and IL-2 (gray) or PHA and IL-2
(black), derived from 6 independent healthy donors. Error bars represent SD (n = 6; P >
.05). (B) Expression of NKp30 in the same cultures of (A). FACS plots correspond to
cultures derived from 3 individual donors. Percentages refer to NKp30" y8 PBLs. Isotype
control staining is presented in Figure 4A. (C-D) Real-time PCR quantification of Nkp44 (C)
and Nkp46 (D) mRNA levels in freshly isolated, HMB-PP and IL-2—activated and PHA and
IL-2—activated y& PBL. (E) Evolution of the percentage of NKp30" cells in the cultures
described in (A), analyzed up to day 19. Error bars represent SD (n = 5). Data in this figure

are representative of 2 to 4 independent experiments with similar results.
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Figure 4. Control NKp30 expression and cell apoptosis in resting or activated
vd PBLs.

(A) IgG1k isotype control staining for NKp30 in pre-gated TCRy§" cells from PHA/ IL-2-
activated cultures (as described in Figures 1 and 3). Data are representative of 6
independent experiments. (B) NKp30 and V31 TCR expression in y56 PBLs freshly-isolated
from two healthy donors. Data are representative of fifteen different healthy donors. (C) V§2*
PBLs are not preferentially susceptible to PHA-induced apoptosis. y6 PBLs were cultured
with HMB-PP/ IL-2 or PHA/ IL-2 as described in Figure 1; after 7 days, cells were stained
with Annexin-V and analyzed by flow cytometry by gating on V52" cells.
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Figure 5. NKp30 expression is induced de novo on yé PBLs.

Induction of NKp30 expression in total yd PBL (upper panel) or in FACS-sorted (>99% pure)
NKp30“ y8 PBL from PHA/ IL-2-activated y& PBL cultures (middle panel). The lower panel

shows isotype control staining. Cells were stimulated with PHA/ IL-2 for 14 days and then

analyzed on a FACSAria cytometer.

4.4.3 NCRs are selectively expressed by proliferating V81" T-cells

Considering that HMB-PP had been shown to be an optimal agonist of Vy9V52

cells?18317

, we hypothesized that our findings derived from PHA-mediated activation
of a distinct yd PBL subset. Consistent with this, we observed that, by contrast with
HMB-PP, treatment with PHA preferentially expanded V&2~ cells among yé PBL
(Figure 6A). We verified that this was not because of differences in V82" cell
apoptosis in the 2 experimental conditions (Figure 4C). The most likely V52~
population to expand so markedly (Figure 6A) were V31" cells, because other
subsets are very rare in the peripheral blood of healthy adults*%. When V&1 versus
V62 TCR usage was assessed, a dramatic V31" cell enrichment was found in PHA-

activated cultures (> 80% of all y5 T cells after 19 days; Figure 6B; Figure 7).
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Figure 6. Natural cytotoxicity receptors are selectively expressed on

proliferating V81" T cells.

(A) yd PBLs were labeled with CFSE and cultured as described in Figure 1, or in the
absence of T cell mitogens (ie, IL-2 alone). Flow cytometry analysis of CFSE dilution and
V52 TCR expression after 7 days in culture. (B) Percentage of V31" or V82" cells among
total yd PBLs cultured up to 19 days with PHA and IL-2. Error bars represent SD (n = 3). (C)
NKp30 expression in PHA and IL-2-activated y§ PBL subsets. V81" or V82" cells were
FACS-sorted from peripheral blood, labeled with CFSE and cultured with PHA and IL-2 for 7
days. Percentages refer to NKp30* cells within each cell division (according to CFSE levels
and indicated by vertical rectangles). (D) Expression of NKp30, NKp44 and NKp46 in V51" T
cells after 19 days of PHA and IL-2 stimulation. Isotype mAb control stainings are also
shown. Data in this figure are representative of 2-3 independent experiments with similar

results.
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Conversely, and as described®'?, HMB-PP—activated cultures were progressively
dominated by V52" cells (Figure 6A; Figure 7).

The induction of NKp30 expression was examined in parallel cultures of isolated
V81" or V82" cells, which were stimulated with PHA and IL-2. Although neither
freshly isolated V51" nor V82" cells expressed NKp30 (Figure 4B), this NCR was
strongly induced (on PHA and IL-2 treatment) in V31" but not V52" cells (Figure 6C).
Moreover, by following CFSE dilution, we demonstrated a striking accumulation of
NKp30™ cells with progressive division of V81" cells (Figure 6C). These data suggest
that activation of V81" cells in PHA and IL-2 cultures induces NKp30 expression
concomitantly with cell proliferation.

Whereas high percentages (> 50%) of NKp30™ cells were usually detected after 2
to 3 weeks in culture, NKp44 (~ 30%) and NKp46 (< 20%) were expressed in lower
proportions of V51" cells (Figure 6D). Furthermore, most of NKp44™ or NKp46* V&1*
cells also expressed NKp30 (Figure 6D). We therefore considered NKp30 as the
most informative marker of the inducible NCR" V81" subset, and we set out to further

characterize its differentiation.
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Figure 7. V81" T-cell enrichment in y8 PBL cultures activated with PHA/ IL-2.
(A) MACS-sorted y5 PBLs from healthy donors were cultured with HMB-PP/ IL-2 or PHA/ IL-
2 (as described in Figure 1), and analyzed for V41 versus V62 TCR expression. (B)

Enrichment of CD3* V51" TCR" cells in y8 PBL cultures after 19 days of activation with PHA/
IL-2.
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444 NKp30 induction requires AKT-dependent yc cytokine and
TCR signals

We next dissected the specific signals required for the differentiation of NCR"
V81" T cells. First, the 2 components of the activation protocol, IL-2 and PHA, were
dissociated. IL-2, or its related y. cytokine, IL-15, alone were sufficient to induce
some NKp30 expression, but the effect was modest compared with PHA and IL-2 (or
PHA and IL-15) combinations (Figure 8A and not shown). On the other hand, PHA
alone was not able to keep the cultures viable (data not shown), consistent with the
critical role of y. cytokines in the survival of y6 T cells, particularly on activation and
proliferation3431Z,

Although PHA has been a widely used T cell mitogen, it is also a nonphysiologic
compound capable of cross-linking a series of surface receptors, including the
TCR22. We hypothesized that the molecular mediator of PHA stimulation could be
the V81" TCR complex. We therefore compared the ability of PHA and the OKT3
mADb, which specifically cross-links CD3e chains of the TCR complex, to induce
NKp30 expression (when combined with IL-2 or IL-15) in V31" T cells. OKT3 was
fully capable of mimicking PHA in these assays (Figure 8A-B), thus inducing NKp30
in proliferating V31" T cells (Figure 9). Moreover, TCRyS blockade in PHA and IL-2
cultures prevented NKp30 induction (Figure 8C). These data suggest that PHA
treatment provides TCR signals to induce NCR expression on V51" PBL. Moreover,
the differences between cytokine alone or combination treatments with OKT3 (or
PHA) highlight a marked synergy between y. cytokine and TCR signals in this
process (Figure 8A-B).

To further explore the molecular mechanisms of NCR induction, we used
chemical inhibitors of key signal transduction pathways downstream of y. cytokine
receptors and/or TCR signaling. Although blocking JAK signaling triggered extensive
cell death before any NCR induction (not shown), coincubation with the PI-3K/ AKT
inhibitor LY294002 specifically prevented NKp30 induction in proliferating V51" T
cells (Figure 8D). AKT is involved in transducing both vy, cytokine and TCR
signals*®?, including TCRys signals®™. By contrast, the MAPK/Erk inhibitor UO126
had no detectable effect on NKp30 induction in proliferating V61" T cells (Figure 8D).
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Figure 8. AKT-dependent vy, cytokine and TCR signals induce NKp30 expression in V81" T cells.

(A-B) Flow cytometry analysis of NKp30 expression on pregated V31" T cells from y8 PBL cultures after 7 days in the
presence of IL-2 or IL-15, alone or in combination with PHA or OKT3 (anti-CD3e mAb). (C) Effect of blocking anti-TCRy3
mAb on NKp30 induction in PHA and IL-2-activated y5 PBLs. The shaded gray area is pregated NKp30" cells in 7-day
control cultures. (D) Effect of chemical inhibitors LY294002 and UO126 on NKp30 induction in PHA and IL-2—activated yo

PBLs, prelabeled with CFSE. Data in this figure are representative of 2 to 3 independent experiments with similar results.
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Importantly, the selective effect of LY294002 dissociated NCR induction from cell
proliferation, thus demonstrating that V81" T-cell proliferation is necessary (Figure
6C; Figure 9) but not sufficient (Figure 8D) to induce NKp30 expression. Collectively,
these data demonstrate that AKT-dependent y. cytokine and TCR signals synergize

to induce NKp30 expression in V81" T cells.

Medium OKT3/ IL-2

<1

CFSE
Figure 9. TCR plus IL-2 signals induce NKp30 expression in proliferating Vé1*
T-cells. NKp30 expression in V&1" T-cells, FACS-sorted from peripheral blood, labeled with
CFSE and cultured with or without OKT3 mAb and IL-2 for 7 days.

445 Functional NKp30 and NKp44 trigger tumor cell killing by
V81® PBLs

Although the previous data established clear associations between NKp30
expression and increased cytotoxicity of y§ (V31") PBL cultures, the functional role of
NCRs in this system remained to be formally demonstrated. We therefore undertook
gain-of function and loss-of-function experiments to evaluate the effect of NCR
modulation on V81" enriched (> 80%; Figure 6B) PBL cultures, which expressed
NCRs at levels similar to those in Figure 6D (not shown). First, using a reverse Ab-
dependent cytotoxicity assay, we showed that cross-linking of NKp30 or NKp44, but
not NKp46, produced significant increases in lysis of the P815 tumor cell targets
(Figure 10A). These data demonstrate that induced NKp30 and NKp44 are

functional and mediate tumor cell killing.
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Figure 10. NKp30 and NKp44 mediate tumor cell killing by NCR" y8 PBLS.

(A) Functional evaluation of NKp30, NKp44 and NKp46 using specific monoclonal
antibodies in a 4-hour °'Cr release redirected killing assay (at 2:1 effector:target ratio) of the
FcyR* P815 target cell line by v8 PBLs activated and expanded with PHA and IL-2. Data are
presented as mean and SD of 8 independent experiments performed in triplicate (*P < .05,
**p < .001; ns = not statistically significant). (B) yd PBLs activated and expanded for 18
days in PHA and IL-2 were incubated (at 5:1 effector:target ratio) for 3 hours with the
leukemia cell line MOLT-4 (as in Figure 1). Effect of blocking antibodies to NKp30, NKp44,
NKp46 and TCRyS (IMMU510) on tumor cell killing. (C) V31" PBLs were MACS-sorted after
20 days in PHA and IL-2 cultures for the assay described in (B), but using blocking
antibodies to pan-TCRys (IMMU510 and B1.1), V61" TCR (TCS1), NKG2D or NKp30 and
NKp44, or the depicted combinations. (+) refers to control cultures without inhibitory
antibodies; (-) refers to tumor cell cultures without V31" PBLs. Error bars represent SD (n =
3, *P < .05; **P < .01; ***P < .001).
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To assess if they played nonredundant roles in targeting leukemia cells, we
performed receptor blockade experiments using NCR-specific mAbs (kindly provided
by Dr A. Moretta, University of Genova, Italy). We observed significant reductions in
tumor cell lysis on NKp30 and NKp44 blockade (Figure 10B). As expected from the
results in Figure 10A, NKp46 blockade did not affect tumor cell killing. Interestingly, a
synergistic effect between NKp30 and NKp44 was also clearly observed. Of note,
TCRys blockade in any setting (alone or in combination with anti-NCR mAbs) was a
neutral event during the killing assay (Figure 10B).

To further establish the TCR-independence of NCR" V51" PBL cytotoxicity, we
isolated PHA-activated V51" cells to very high purity (Figure 11) and used 3 different
well-described anti-TCR blocking antibodies, including one (TCS1) specific for the
V81" TCR. Again, we observed no effect on leukemia cell killing (Figure 10C). By
contrast, inhibition of NKG2D had a significant (Figure 10C) and dose-dependent

(Figure 11C) impact on tumor lysis.
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In fact, when we combined NCR and NKG2D inhibition, NCR* V81" PBLs could
not kill above background levels (Figure 10C). These data suggest that leukemia cell
targeting by NCR" V81" PBLs is a TCR-independent event mostly mediated by the
synergistic function of NKp30, NKp44 and NKG2D.

446 NKp30' V81" PBL are specialized killers that target resistant

primary lymphocytic leukemias

To fully characterize the antitumor potential of NCR* V81" PBL, we used FACS to
sort NKp30* cells to a high degree of purity (> 99%; Figure 12A) and performed a
series of functional assays. As expected (Figure 6D), sorted NKp30® cells also
expressed NKp44 and NKp46 (Figure 12B), and the 3 NCRs were largely stable on
the surface of the purified cells when cultured for 2 weeks with IL-2 alone (Figure
12C). These data demonstrate the feasible expansion of a stable NCR* V&1* T cell
subset.

When the cytotoxic function of NKp30® cells was assessed, an increased
targeting of the resistant leukemia cell line Bv173 (among others; not shown) was
observed (in comparison with NKp30~ counterparts; Figure 12D). This correlated
with higher expression of granzyme B (Figure 12E). Moreover, NKp30 expression
also associated with higher degree of CD56 expression (Figure 13), which has been
previously linked to cytotoxicity of human lymphocytes, including V82" T cells®*.

Finally, we performed functional killing assays with primary samples obtained
from B-cell chronic lymphocytic leukemia patients. We previously showed that such
specimens are considerably resistant to yo PBL activated and expanded with the
specific Vy9V82 TCR agonist HMB-PP32, a finding confirmed in this study (Figure
12F-G). Importantly, HMB-PP and IL-2-activated yd6 PBLs do not express NCRs
(Figure 3B). We therefore compared their antitumor cytolytic activity with that of
NKp30* cells isolated from y& PBL cultures activated with PHA and IL-2. We
observed that NKp30® y§ PBLs, obtained from 6 different donors, were consistently
more efficient at eliminating primary B-CLL cells (Figure 12F-G). These data
collectively suggest that highly cytotoxic NKp30® V51" PBL are promising new

candidates for adoptive cell immunotherapy of hematologic malignancies.
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Figure 12. NKp30" yd PBLs are a stable subset endowed with enhanced
cytotoxicity against chronic lymphocytic leukemia cells.

NKp30* and NKp30") v PBLs were FACS-sorted from 14-day PHA and IL-2—activated
cultures. (A) Reanalysis of NKp30 expression in the purified populations. (B) Real-time PCR
quantification of Nkp44 (left) and Nkp46 (right) mRNA levels in NKp30™ or NKp30* y5 T cells,
compared with freshly isolated v PBLs. Error bars represent SD (n = 3). (C) Sorted NKp30*
vd PBLs were cultured in the presence of IL-2. Analysis of NKp30, NKp44 and NKp46
expression after 14 days. (D) NKp30~ or NKp30* v T cells, or freshly isolated y5 PBLs, were
used in killing assays with the leukemia cell line Bv173 (as in Figure 1). Tumor cell death
was evaluated by Annexin-V staining (n = 3, *P < .05). (E) Real-time PCR quantification of
GzmB mRNA levels in freshly isolated, NKp30"” or NKp30* v& T cells. Error bars represent
SD (n = 3). (F-G) Representative plots (F) and data summary (G) for 5 primary B-cell chronic

lymphocytic leukemia samples that were used in killing assays (as in Figure 1) with y& PBLs
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obtained from 6 distinct donors and activated with either HMB-PP and IL-2 or PHA and IL-2.
NCR(-) yv6 PBL from HMB-PP and IL-2—activated cultures (gray bars) were compared with
NCR(+) y6 PBL from PHA and IL-2—activated cultures (black bars). Error bars represent SD
(n =6, *P <.05; **P < .01; ***P < .001).
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Figure 13. Increased expression of CD56 in NCR" V31" PBLs.
Flow cytometry data for CD56 and CD27 expression in V31" PBLs activated with PHA/ IL-2
for 19 days and gated on either NKp30“) or NKp30* cells.
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Figure 14. NKp30 triggering promotes IFN-y production by NCR* V81" PBLs.
MACS-purified V51" PBLs were activated with PHA/ IL-2 for 5 days and then stimulated with

the indicated plate-bound mAbs in the presence of IL-2. Control refers to IgG1 mAb. Cells

were stained intracellularly for IFN-y and analyzed by flow cytometry.
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Figure 15. B7h6 is not overexpressed in most lymphoid leukemia samples.
Real-time quantitative PCR data for B7h6 expression on (A) acute lymphoblastic leukemia
cell lines; (B) T-cell acute lymphoblastic leukemia patient samples; (C) B-cell chronic
lymphocytic leukemia patient samples. Healthy fresh PBMC are shown as reference

(dashed line). B7h6 levels were normalized to the housekeeping genes Gusb and Psmb6
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Figure 16. NCR" V81" T-cells can be efficiently expanded from PBLs of B-CLL
patients.

MACS-sorted y6 PBLs from healthy donors or B-CLL patients were cultured in PHA/ IL-2 (as
described in Figure 1), and analyzed for total cell numbers (A); and V61 TCR and NKp30

expression at day 18 (B). Error bars represent SD (n=3 for each group).

4.5 Discussion

Natural cytotoxicity receptors were identified by A. Moretta and colleagues over a
decade ago, and were shown to play critical synergistic roles in the antitumor
functions of NK cells®2. |n fact, NKp30 and NKp46 are widely considered to be 2 of
the most specific NK markers®%. We now show that the combination of cytokine
(IL-2 or IL-15) and mitogenic (PHA or OKT3) stimuli induces NCR expression in a
sizeable V31" PBL subset that is endowed with increased cytolytic activity against
hematologic tumors. Although PHA is a nonphysiologic T-cell mitogen, we
demonstrated that its effect on NCR induction was fully mimicked by crosslinking the
TCR-CD3 complex on V51" PBL. Thus, NCR induction is coupled to TCR-mediated
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proliferation of V31" cells, while also requiring y. cytokine signals. This is consistent
with previous reports demonstrating that the in vitro acquisition of NK receptors by
liver222 or umbilical cord® T cells depends on IL-15.

Among inducible NCRs, NKp30 is clearly the most important for the antitumor
activity of V81" T cells, based on the proportion of cells that express it (Figure 6D),
the higher enhancement in V31" T-cell cytotoxicity on NKp30 triggering (Figure 10A),
and the significant reduction in leukemia cell killing on NKp30 blockade (Figure 10B).
This notwithstanding, NKp44 (but not NKp46) is also functional in NCR" V§1™ cells
(Figure 10A), and appears to synergize with NKp30 for enhanced tumor targeting
(Figure 10B). Of note, NKp30 engagement also augments the production of the key
antitumor cytokine, interferon-y, by NCR" V51" cells (Figure 14).

Both NKp30m and NKp44@ have been implicated in human NK cell recognition
of virus-infected cells. Regarding tumors, antibody-mediated blocking experiments
demonstrated important roles for these receptors in myelomaﬂ and melanoma?®
cell targeting. Moreover, lack of NCR expression has been clinically correlated with
poor survival in AML patients®.

Interestingly, NKp30 and NKp44 are not encoded in the genome of murine
strains (such as C57BI/6 or Balb/c) widely used for laboratory experimentation. On
the other hand, the major Vy9Vs2 subset of human PBL, and its reactivity toward
phosphoantigens, are also primate-specific2®. These observations highlight the
special functional characteristics of primate yd T cells; however, they also preclude
the direct in vivo study of Vy9V§2 or NKp30* V81 T cells in the mouse.

Another aspect that currently limits our understanding of NCR function in
immunity is the poor definition of their physiologic ligands, most notably in the
context of tumors. In fact, viral hemagglutinin was until recently the only well-
established ligand for NKp4412! and NKp46'28. This notwithstanding, a novel B7
family member, B7-H6, was lately described to bind NKp30'%. B7-H6 was not

detected in normal human tissues but was expressed on human tumor ceIIs@, in

line with the recognition of “stressed self’ by innate and innate-like lymphocytes?23%,
However, we obtained no evidence for a role of B7-H6 in NCR" V&§1" T-cell
recognition of lymphoid leukemias; in fact, many of the NCR" V§1" T-cell targets
expressed lower levels of B7-H6 than healthy control cells (Figure 15). Brandt et al.
had also previously noted that only 24 of 119 tumor cell lines tested expressed B7-

H62%. Thus, future lines of research should clarify the repertoire of relevant ligands
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expressed by tumors susceptible to NKp30-mediated cytotoxicity. Moreover,
although we have thus far concentrated on hematologic malignancies, upcoming
work will address whether NKp30® V381" lymphocytes also possess enhanced
cytotoxicity against solid tumors. Of note, V1™ T cells have previously been shown
to be cytolytic against melanoma and various carcinomas®..

V81" T cells are the predominant y5 T-cell subset during the fetal stage and early
life**2, when they are already able to respond to viral infection®®. In adults, V51" T-
cell expansions have been associated with CMV infection'®*, HIV-1 infection®*, and

tumors of either epithelial?*#43% or hematopoietic3#®342

origin. An attractive
prospect for adoptive transfer of activated V51" T cells is that they may display
particularly good capacity for homing to tissues because, contrary to their circulating
V52" counterparts, V81" cells are preferentially tissue-associated lymphocytes®.
Interestingly, the abundance of V51" T cells at mucosal surfaces has been attributed
to IL-15, which induces chromatin modifications that control TCR gene
rearrangement®>%,

Our key demonstration that NKp30* V51" cells are capable of targeting primary
lymphoid leukemic cells is particularly relevant when taking into account that V61" T
cells have been previously reported to be inefficient killers of primary leukemia or

lymphoma cells348342

, Which has been attributed to their lack of expression of
NKG2D ligands®%. Interestingly, a recent study in which v8 PBLs were activated with
concanavalin A demonstrated higher killing ability of expanded V81" cells against B-
CLL—derived cell lines®. It will be important to investigate whether this protocol also
induces NKp30 expression on V31" cells. Thus, NKp30™ V31" cells may provide a
valuable layer of intervention against lymphoid malignancies.

A surprising finding that deserves further investigation is the preferential
expansion of V81" T cells (among v PBL) on PHA treatment in vitro (Figure 6B).
Because this is not due to selective apoptosis of the dominant V82" counterparts
(Figure 4C), it must derive from a proliferative advantage of V31" cells when
receiving PHA-dependent TCR signals (Figure 6A-B). Provocatively, we have
previously observed that V31" T cells express significantly higher levels of the CD27
receptor (compared with V82" cells)?2; CD27 costimulation enhances Bcl2al and

Cyclin D2 expression and promotes y& T-cell survival and proliferation232.
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This study draws important novel (NCR-mediated) insight into the modus
operandis of human vy T cells, and supports the emerging paradigm of y6 T cells
recognizing tumors via innate NK receptors rather than using the somatically
rearranged TCRyd (Figure 10B-C)22. This notwithstanding, the TCR has a major,
albeit indirect, contribution to the antitumor function of NKp30® V81" cells. We
showed that efficient induction of NKp30 expression on V31" cells depends on TCR
stimulation; in its absence, y. cytokines can only effect a very modest up-regulation
of NKp30 expression (Figure 8A-B). Thus, TCR signals are upstream of NKp30-
mediated tumor cell recognition by NKp30* V51" lymphocytes. Interestingly, we have
previously showed that, for V52" cells, TCR signals are essential for cell activation
and cytotoxic differentiation, “upstream” of tumor cell recognition via NKG2D.2 We
therefore propose a “2-step” model for human yd T cells, in which they differentiate
and are activated like prototypic T cells (ie, using the TCR), but rely essentially on
NK receptors (such as NKG2D, NKp30 or DNAM-1) for tumor cell recognition. This is
consistent with the critical role described by the Hayday and Girardi groups for

11,332

NKG2D ligands in tumor surveillance by mouse y6 T cells and fits the general

concept of NK receptors being the key molecular recognition determinants of
“oncogenic stress"*.

From a clinical perspective, this study describes a protocol to induce NKp30 ex
vivo, which should make it very feasible to expand and inject large numbers of cells
into patients. Importantly, we were able to efficiently expand NKp30* V51" cells from
B-CLL patients (Figure 16). On reinfusion, the activation status of the cells could
potentially be maintained via administration of low doses of IL-2, which appears to
be sufficient to sustain NKp30 expression. Thus, after this first report describing the
differentiation of NKp30® V51" lymphocytes, future work should evaluate their

potential for adoptive cell immunotherapy of human cancer.
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5. CONCLUSIONS AND FUTURE PERSPECTIVES

In this thesis, we have characterized the molecular mechanisms that control
human yd T cell activation and tumor cell recognition, as a key strategy to

understand yd T cell function, and to manipulate it in cancer immunotherapy.

5.1 PHOSPHOANTIGEN RECOGNITION BY VAV &2 T CELLS

In chapter 2 we described the molecular mechanisms responsible for HMB-PP-
mediated activation of human Vy9Vé2 T cells, since their unique responsiveness to
non-peptidic prenyl pyrophosphate antigens is not well understood. These
pyrophosphate molecules are so distinct from conventional peptides and
superantigens, that it was difficult to explain how these substances could induce
VyOV82 T cell proliferation via TCR®. Although early studies reported that
transfection of TCR™ Jurkat T cells with cDNA constructs encoding a Vy9Vé2 TCR
enabled the transfectants to produce IL-2 in response to Daudi cells and
mycobacterial extract’®210 these difficult experiments were not widely reproduced.
It seemed clear that phosphoantigen-induced activation of T cells required
expression of a Vy9V82 TCR, as indicated by antibody blocking approaches®*2.
However, phosphoantigen recognition by Vy9Vé2 T cells required neither the
expression of classical MHC class |, MHC class II, MICA/MICB, CD1 molecules, nor
MHC class | or class |l peptide loading pathways®>12%,

Previous studies had reported a very slow kinetics of activation of TCR-
associated signal transduction pathways by IPP#* and BrH-PPZ, seemingly
incompatible with direct binding of these phosphoantigens to the Vy9Vé2 TCR.
Lafont et al. showed that IPP treatment induces, except for the proximal triggering of
p56 Lck, a significantly delayed phosphorylation kinetic of the signaling proteins Zap-
70, PI3K, LAT, Erk1/2 and p38&. In contrast, Cipriani et al. described a more rapid
activation of signaling proteins such as PKC6 and MAPK on vé T cells after IPP
stimulation®>2. To complicate things further, all attempts to show cognate interactions
between recombinant, soluble Vy9Vs2 TCRs and phosphoantigens had failed at that
time232. Moreover, most of these experiments were done using phosphoantigens

with weak bioactivities. Real-time monitoring of Vy9Vo2 T cells following exposition
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to weak and mid-range phosphoantigen agonists showed a time- and dose-
dependent down-modulation of the yd6 TCR, whereas strong phosphoantigen
agonists induced little or no TCR down-regulation’. This indicated that y8 TCR
down-modulation does not match the extent of TCR signaling as assessed by
microphysiometry or conventional effector responses (TNF-o production and
cytotoxicity)'®2. In any case, there are some contradictory data, since in some
studies, IPP (a weak agonist) does not induce down-modulation of TCR/CD3
complex?, whereas more potent phosphoantigens can induce it (David Vermijlen,
personal communication).

We have studied the most potent natural phosphoantigen yet identified, HMB-PP,
and examined its effects on yd T-cell activation and anti-tumor properties. We
showed that HMB-PP stimulation recruits the signal transduction machinery
employed by the yd6 TCR. In fact, HMB-PP activates MEK/Erk and PI-3K/Akt
pathways as rapidly as OKT3 (a-CD3e mAb), and induces an almost identical
transcriptional profile in Vy9" T-cells. Moreover, MEK/Erk and PI-3K/Akt activities are
indispensable for the cellular effects of HMB-PP, including yd T-cell activation,
proliferation and anti-tumor cytotoxicity, which are also abolished upon antibody
blockade of the Vy9" TCR. Our data is therefore consistent with direct binding of
HMB-PP to Vy9Vs2 TCR, but a physical interaction was not yet demonstrated.

Our hypothesis for a TCR-dependent mechanism of recognition of
phosphoantigens was supported by parallel studies performed by other groups on
the extracellular dynamics of HMB-PP signaling. It has been shown that HMB-PP
has the capacity to induce the formation of high-density Vy9Vé2 TCR nanoclusters
on the surface of human y& T cells?®®, that could serve as platforms for intracellular
signaling. Additionally, a newly-developed tetramer reagent for the Vy9Vs2 TCR of
rhesus macaques was reported to bind to HMB-PP loaded on the surface of human
APC*2,

Recent data provided novel evidence for the existence of an antigen-presenting
molecule for prenyl pyrophosphates@’@. Wang et al. found that residues in all
CDRs of the Vy9V62 TCR can affect recognition, which is critically dependent on the
invariant Vy9Jy1.2 chain. Given the large footprint of the required residues, which
surpasses the predicted prenyl pyrophosphate-binding site, it is likely that a
presenting molecule is required for prenyl pyrophosphate antigens@. Prenyl

pyrophosphate recognition is primarily defined by germline-encoded regions of the
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d@

vd TCR, allowing a high proportion of Vy9Vé2 TCRs to respond=*. Interestingly,

cord-blood —derived human y5 T cells do not respond to phosphoantigens®*®, and

although HMB-PP reactivity is present at birth®3Z

it does not elicit proliferation and
IFN-y production in neonatal Vy9V52 T cells, unless at high concentrations®*%. This
could suggest the lack of an antigen-presenting molecule at birth. It was also shown
that HMB-PP or photoaffinity analogues of HMB-PP (meta/para-benzophenone-
(methylene)-prenyl pyrophosphates), can be crosslinked on the surface of tumor cell
lines and be presented as antigens to v8 T cells®*®*2. The capability of APC to present
HMB-PP for recognition by Vy9V52 TCR was diminished after protease treatment of
APC3%2  Adding to this, F1-ATPase was recently shown to display properties
characteristic of an antigen presentation molecule for Vy9V&2 T cells*>. These
results do not exclude the possibility that phosphoantigens can both be presented to,
and directly bind yd6 TCR. The requirement for cell-cell contact should be re-defined
in new and carefully designed experiments. In Western Blot experiments (Figure 3,
chapter 2), we re-suspended 5 million y3 T cells cells in 1ml PBS before adding 1nM
HMB-PP. The cells were highly diluted, and cell-cell contact was thus reduced during
the first 7 minutes of stimulation (at this time point, most kinases activated), and this
may suggest direct binding of HMB-PP to Vy9Vs2 TCR.

It also seems possible that all phosphoantigens are capable of physically
interacting, albeit with different affinities, with the Vy9Vé2 TCR. The delayed
signalling events reported after IPP?* (Figure 4, chapter 2) and BrH-PP2
stimulation may occur downstream of the TCR ligation, and could be related with
different abilities of these compounds to induce conformational changes on the
TCR/CD3 complex.

In our studies, HMB-PP treatment does not induce TCR internalization, and
thereby sustains yd T-cell activation upon re-stimulation. In fact, this was the most
obvious difference compared with OKT3-mediated cell activation, and it may explain
why 10nM of HMB-PP were able to further increase the abundance of activated Vy9*
T-cells, to above 80% after 48h (Figure 1A, chapter 2), thus suggesting that

phosphoantigens can maximize anti-tumor yd T-cell responses.
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5.2 VOVo2 TCR SIGNALING

In recent years we improved our understanding of the pathways involved in
Vy9V82 TCR signaling (reviewed in?). The use of pharmacological inhibitors has
pointed out the importance of p38, Erk1/2 and PKCo/p pathways during the
establishment of TNF-a and IFN-y responses. Moreover, Erk1/2 and PI3K (which is
activated following Vy9V62 TCR engagement whereas its activation in aff T cells is
mainly under control of the co-receptor CD28) are involved during cytokine
production and cytotoxic activity (Nedellec et al.2 and chapter 2).

Our work has thus contributed to these advances. In fact, we have observed that,
without the effect of IL-2, all the major cellular effects of HMB-PP, i.e., v6 T cell
activation, proliferation, Th1 cytokine secretion and anti-tumor cytotoxicity, are
strictly dependent on Erk and Akt-mediated signal transduction.

However, an issue that deserves further analysis is the role played by IL-2 (or IL-
2-related cytokines) in these processes. yo T cells are poor producers of IL-23%2 As
so, phosphoantigen-treated isolated peripheral blood y& T cells cannot efficiently
activate or sustain proliferation and cytokine production, unless they receive
exogenous IL-2 (or related cytokines)*®*3% Cytokine production and cell division are
not sustained by treating cells repeatedly with HMB-PP or OKT3, if in the absence of
exogenous IL-2 (Figure 2A, chapter 2). In fact, HMB-PP treatment alone can induce
transient proliferation only when Vy9Vé2 cells are surrounded by IL-2 producing PBL
(Figures 1D and 1E, chapter 2). Surprisingly, it seems that IL-2 stimulation alone can
induce most of the effector functions of Vy9Vé2 T cells, including complete cell
activation, proliferation and cytotoxic functions, thus overriding the impact of TCR
signaling. In terms of cell activation, IL-2 alone can reproduce the effects of the co-
addition of IL-2 and HMB-PP, with 90% of cells expressing CD69" in 48h (data not
shown). The impact of TCR signaling on Vy9Vé2 cytotoxicity against tumor cells is
also very limited when IL-2 is present (Figure 5D, chapter 2 and data not shown). In
fact, even the synergistic effect of HMB-PP and IL-2 on Vy9Vo2 T cell proliferation
(Figure 1D, chapter 2) is only seen upon stimulation of fresh/resting cells. When
cultured with IL-2 alone in vitro, y5 T cells go through a lag-phase in cell proliferation
rate (for about 8-9 days), but then acquire the ability to proliferate at very high rate
levels (data not shown). Thus, while phosphoantigens are critical for Vy9Vé2 T cell
enrichment in vitro and in vivo (cancer clinical trials), their functional (effector)

differentiation may be mostly driven by IL-2. This deserves further investigation
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By contrast to this view, other groups have suggested that IL-2 signaling works
merely as a modulator of the critical TCR signals. The expansion of yd T cells was
shown to be dependent on TCR-triggered activation of both PKCao/pf and PKC#,
which in turn can upregulate the expression of CD25 (IL2Ra, a-chain unit of IL-2

receptor)®>2

. In Table 1 of microarray gene analysis (chapter 2), we can also see that
HMB-PP or OKT3 stimulation highly induces CD25 expression. However, low
amounts of IL-2 itself are also able to induce IL2Ra expression, without the “help” of
TCR signalling. In fact, the upregulation of CD25 at the yd T cell surface was shown
to be required to obtain a strong TCR signal after phosphoantigen/OKT3
stimulation?**,

Surprisingly, in a recent report, IL-2 signals alone were able to activate MEK/Erk
and PI-3K/Akt pathways, but failed to induce cytokine expression or cytotoxicity on
Vy9V82 T cells*®. According to this study, MEK/Erk and PI-3K/Akt activation are
necessary but not sufficient to induce effector responses in Vy9Vé2 T cells and a
TCR-dependent signal is still required for tumor cell killing. A calcium-dependent
response, normally triggered by phosphoantigen addition, was required for all
effector activities, and the function of IL-2 was to simply increase the magnitude of
these responses. It is possible that the observed differences may be consequence of
a small delay in IL-2-induced effector responses, compared to phosphoantigen-
triggered responses, since cytokine production, yd cell degranulation and cytotoxicity
assays were analysed after a very short period (4h) of IL-2 or IPP-stimulation of
fresh VyOVo2 T cells and 1 week-starved, IL-2 expanded Vy9Vé2 T cell lines®L. In
our studies, the effective killing of susceptible tumor cell lines depends, in first place,
on sufficient levels of y& T cell activation. Fresh v8 T cells (and fresh NK cells®2) do
not efficiently kill tumor targets, and the ability to kill these targets increases linearly
with time, upon incubation of y6 T cells with IL-2. At least 12h of pre-incubation with
IL-2 is needed for Vy9Vo2 T cells to kill 90% of DAUDI and MOLT-4 cells in
cytotoxicity assays (Figure 3, chapter 3).

In a recent collaboration with Julie Ribot, in our laboratory, we have observed
that that IL-2 alone can differentiate unresponsive human y3 thymocytes towards
cytotoxic and effector functions in vitro. After incubation with IL-2 (in the absence of
TCR agonists), yd thymocytes acquired the capacity to produce IFN-y, TNF-a, and

displayed cytotoxic functions (unpublished data). This notwithstanding, it is important
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to consider that TCR-mediated signals during thymic development may “pre-

program” human 5 T cells, like they do in mice®?

, with IL-2 being subsequently
required for functional maturation of human y3 T cells in the periphery. We are
currently exploring this hypothesis in our laboratory.

These combined data support the notion that Vy9Vé2 TCRs mainly act as
biological “sensors” of microbial (and possibly tumoral) metabolites, that can be very
important in the immune response, as initiators of yd T cell proliferation. The initial
TCR signals turn the cell more sensitive to exogenous IL-2 (upon CD25
upregulation) and rapidly synergise with IL-2 signals, inducing strong MEK/ERK and
PI3K/Akt signalling that translates in immediate cell proliferation. Cell activation and
effector functions (which may require lower levels of MEK/ERK and PI3K/AKt
phosphorylation) can be further sustained by IL-2 signals alone. This is consistent
with the higher number of signalling events triggered upon IL-2 stimulation in Vy9V&2
T cells®®2 (and NKT cells®*?), compared to those produced by IL-2 in NK cells and off
T cells®®. This hypothesis is also supported by in vivo studies. Casetti et al. reported
that the sole i.v. administration of phosphoantigens in Macaca fascicularis failed to
induce cell activation and proliferation. They conclude that IL-2 administration is a
strict requirement for Vy9V82 T cell expansion in vivo®®. Moreover, only v5, but not
oy T cells, expressed the CD69 activation marker shortly after IL-2 treatment,
suggesting that y6 T lymphocytes may be more sensitive to low doses of s.c. IL-2
than ap T cells®®. As mentioned above, we are currently dissecting the roles of IL-2
signaling in human yd T cell differentiation and activation, from the thymus to the

peripheral blood.

5.3 TUMOR CELL RECOGNITION BY V/OVS2 T CELLS

Phosphoantigen-activated Vy9V&2 T cells can kill various solid tumor cell lines%2
and a particularly large number of hematopoietic cell-derived tumors2>263:283.317
However, many tumor cell lines (and most tumor primary biopsies) are resistant to
Vy9Vé2 T cell-cytotoxicity. Daudi and Raji cell lines derived from Burkitt's

lymphomas have long been used, respectively, as paradigms of susceptible and

183,264-267 bOth in V|tr0265 ,267,273,277,365

resistant targets to yo T cell-mediated killing—= and

in vivo2ZL, However, the molecular basis of these two distinct susceptibilities has

remained unclear. It was first demonstrated a role for Natural Killer inhibitory
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receptors (mainly CD94/NKG2A, that binds to HLA-I) in v T cell-cytotoxicity 27268270,
Contrary to Raji cells, Daudi cells do not express MHC class | on their surface
because of the lack of functional p2m. Ditrud (a Daudi-Raji hybrid}**®® and Daudi-p2
(B2m-transfected Daudi)®® induced a lower stimulation of Vy9V&2 T cells, indicating
a negative regulation by HLA-class | antigens on Vy9Vd2 T cells. However, the
dominant susceptible phenotype of Ditrud and of certain MHC-I" Raiji variants to
VyOVé2 T cell-killing demonstrated that a stimulatory phenotype could be acquired
by some tumors independently of the loss of class | antigens, and indicated a role for
a non-MHC class | molecule®®’. An alternative explanation for tumor cell recognition
was later proposed. According to these studies, Vy9Vé2 T cells recognize tumor
targets through TCR interaction with phosphoantigens endogenously produced by

tumor cells, and use NKR signals to fine-tune the cell activation

threshold148192208271.272 | fact the recognition of some tumor cell lines, such as
Daudi and K562, by Vy9Vé2 T cells, correlated with IPP production’® and F1-
ATPase/ApoA-l1 expression? on tumor cells. Furthermore, Vy9V§2-mediated lysis
of B-LCL or Raji cells was not enhanced by MHC class l/class Ib knockdown, but
these cells showed very low expression of phosphoantigens and F1-ATPase/ApoA-
1297, However, this is a controversial issue, since correlations of MHC class |
expression levels, or endogenous phosphoantigen production on tumor targets, do
not always predict susceptibility to yd T cell-kiling. For example, MHC class |
expression can be present in both resistant and susceptible hematopoietic tumors
(chapter 3), and the expression of F1-ATP-synthase is very high is some yé-resistant
cell lines and very low in some susceptible cell targets (our data not shown).
Moreover, conflicting results have been reported concerning the role of ydTCR and
NKG2D in recognition of tumor cell targets. Concerning hematological tumors, TCR
was shown to be important for the killing of Daudi¢Z cells, but not of MOLT-4 or
K562 cell lines®22, However others reported the involvement of TCR for
cytotoxicity against MOLT-42122  Regarding other tumor cell types, both NKG2D
and TCR were shown to be involved in recognition of metastatic renal cell
carcinoma®’ and colorectal and hepatocellular carcinomas?23¢¢. Recently, DNAM-1
and NKG2D were described as co-modulators of Vy9Vé2 T cell cytotoxicity against
hepatocellular carcinoma2®. Other studies have shown that heat-shock proteins™

and ULBP-4* can directly bind Vy9V82 TCR and impact on tumor cell recognition,
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although the biological relevance of these interactions was not yet fully
demonstrated.

In chapter 3 we have conducted a comprehensive study of gene expression in
acute lymphoblastic leukemias and non-Hodgkin’s lymphomas, aimed at identifying
markers of susceptibility versus resistance to Vy9Vé2 T cell-mediated cytotoxicity.
Upon careful bioinformatics analysis, we identified a panel of 10 genes encoding cell
surface proteins that were statistically differentially expressed between “y5-
susceptible” and “yo-resistant” hematopoietic tumors. The decision to restrict our
analysis to surface-expressed molecules allowed us to perform a practical and fast
definition of molecular candidates.

Within our signature profile, 3 genes (ULBP1, TFR2 and IFITM1) were
associated with increased susceptibility to Vy9V62 T-cell cytotoxicity, whereas the
other 7 (CLEC2D, NRP2, SELL, PKD2, KCNK12, ITGA6 and SLAMF1) were
enriched in resistant tumors. We did not characterize all these candidate ligands
further in detail (eg. by performing loss- and gain-of-function studies) because, in my
collaboration with Telma Lanca, we showed that ULBP-1 was a nonredundant
determinant involved in leukemia/lymphoma cell-recognition by Vy9Vé2 T cells. In
fact, the shRNA-mediated downregulation of ULBP-1 in MOLT-4 and JURKAT cell
lines decreased susceptibility of these cells to Vy9Vé2 T cell-killing by up to 50%
(see chapter 3). One should note that our RNAI strategy resulted in only partial
downregulation of ULBP-1, therefore, the impact of ULBP-1 in this process is likely
underestimated. Nonetheless, in future work, it may be of interest to assess the role
of the other candidate molecules, as they may be modulators of Vy9Vé2 T cell
cytotoxicity. Our panel of 10 candidate proteins expressed by susceptible or resistant
tumor targets, included 3 adhesion molecules: NRP2, SELL and ITGA6. This was
not surprising, since the adhesion molecules ICAM-1 and LFA-3 were previously
described to modulate NK cell and yo T cell cytotoxicity, probably by simply
promoting physical interactions between effector cells and their targets®23%2. |n fact,
several other adhesion molecules (CEACAM-1, TIGIT, cadherins, etc) were found to
interact with NK cell receptors, modulating NK cell target recognition (see Table 2
chapter 1).

ULBP-1, IFITM-1 and CLEC2D were shown to interact with receptors expressed
on NK cells and to modulate NK cell cytotoxicity”>28322370 | fact, KLRB1, the ligand

for CLEC2D, is highly expressed on phosphoantigen-treated v T cells*®. SLAM-F1
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is a high affinity self-ligand, important for positive or negative regulation on
bidirectional T-cell to B-cell interactions®Z. It would be interesting to investigate
whether SLAM-F1 is also expressed on yd T cells, since several members of this
family of proteins (SLAM-F5, -F6 and -F7) are expressed on NK cells and modulate
NK cell cytotoxicity®2 (Table 3, chapter 1). For example, SLAM-F6 (NTBA) and
SLAM-F7 (CRACC), which are also self-ligands, have major roles in NK cell-
mediated cytotoxicity>’2. As a matter of fact, it was recently shown that the complete
gene signature of phosphoantigen-specific Vy9Vé2 T cells is a hybrid of those from
af T and NK cells®2. These new experiments confirmed that the molecular
signature of yd T cells activated by phosphoantigens corresponds primarily to
cytolytic, cytokine and chemokine activities and clonal expansionZ.

Our global results, together with the fact that human NK cells and y5 T cells share
many activating/inhibitory receptors (including NKp30, NKp44, NKp46, several KIRs,
NKG2D, CD16, CD94-NKG2, CD96, DNAM-1, CD2, ILT2, etc.), ask for a more
careful comparative study of NK cell biology in order to understand y3 T cell function
and tumor cell recognition in different cancer settings. For example, similarly to NK
cells, but contrary to CD8" T cells, Vy9V82 T cells can be directly activated by
NKG2D-targeted mAb or MICA proteins®®. In fact, NKG2D can also have co-
stimulatory properties in y& T cells™®®, which shows the unique importance of this
receptor for these cells. Of note, we described here the first physiologic evidence for
lymphocyte requirement of NKG2D-ligand expression on tumors, since previous

studies®>368:374.375

were based on their ectopic expression. Furthermore, our data
suggests that NKG2D signals seem strong enough to overcome any potential MHC
class I-mediated inhibition of yo T cells (chapter 3).

Contrary to previous models, our work suggests that yo T cell-mediated
surveillance of hematopoietic tumors is a 2-step process, where effector lymphocyte
activation, proliferation and cytokine production, is achieved through TCRyd
stimulation by endogenous phosphoantigens (synergistically with IL-2), but tumor
cell recognition is “NK-like”, predominantly mediated by NKG2D and/or other NK cell
receptors. This was also observed for the V81" NKp30® subset, in which both
NKG2D and NCR, but not V61 TCR, were involved in tumor cell recognition (chapter
4). Regarding Vy9Va2 T cells, it is possible that the Vy9V62 TCR was evolutionary

selected to detect microbial phosphoantigens, while the sensing/recognition of self
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and “stressed self” is mostly mediated by NKR. This could explain the high number
of tumor cell lines that are resistant to fully activated phosphoantigen-treated Vy9Vs2
T cells (chapters 2 and 3). The ULBP-1/NKG2D signals thus seemed strong enough
to overcome MHC-I inhibition in susceptible cell lines. Our findings have crucial
implications for the imunotherapy of hematological malignancies, since it may be
possible to modulate ULBP-1 expression in tumors in vivo. Recently, it was shown
that ULBP-1 can be induced in macrophages by treatment with IL-10, inducing the

lysis of macrophages by NK cells®’®. Proteasome inhibitor drugs were also capable

of inducing ULBP-1 expression on human tumor cells3Z. Moreover, epidermal
growth factor receptor (EGFR) inhibitors predominantly increased the levels of
surface ULBP1 protein in various colon cancer cells including KM12, Caco-2, HCT-
15 and HT-29, which express EGFR, and increased susceptibility of these colon
cancer cells to a NK cell line®2. However, although the importance of ULBP-1 was
demonstrated for the recognition of hematological tumors by Vy9Vé2 T cells, we
don’t know if this applies to other cancer cell types, since ULBP-1 is not expressed
in a considerable number of tumors. For example, susceptible epithelial tumors have
been shown to express low or undetectable levels of ULBP12%. This either means
that ULBP-1 has been drastically repressed (as part of potential immune escape
mechanism), or that ULBP-1 is not involved in the process. In the latter case, maybe
other NKG2D ligands, or other NK receptor ligands, may play a role. Indeed, tissue-
associated V81" T lymphocytes were also shown to recognize MICA/MICB and
ULBP322 through NKG2D, and we further showed that they recognize yet unknown
NCR ligands (chapter 4).

5.4 NCR EXPRESSION ON 0 T CELLS

In chapter 4, we described the differentiation of a novel subset of V52 V&1*
PBLs expressing natural cytotoxicity receptors (NCRs) that directly mediate killing of
leukemia cell lines and chronic lymphocytic leukemia patient neoplastic cells. We
showed that V31" T-cells can be selectively induced to express NKp30, NKp44 and
NKp46, through a process that requires functional PI-3K/ AKT signaling upon
stimulation with yc cytokines and TCR agonists. Importantly, this y6 T cell subset is
capable of targeting hematological tumors highly resistant to fully-activated Vy9Vs2
PBLs, including BV-173, REH, and the prototipic Raiji cell line (Figure 1C, chapter 4
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and data not shown). Recently, other groups have noticed that y5 T cells expanded
with anti-ydTCR mAb have similar or even better anti-tumor properties than
phosphoantigen-treated Vy9Vé2 T cells (e.g. for lymphoid malignancies,
neuroblastoma and lung carcinoma), although those properties could not be entirely

explained®®3&

. Compared with phosphoantigen-treated vy6 cultures, the most
remarkable difference was the presence of both y§ cell subsets (V31" and V52") after
2 weeks culture with a-TCR mAbs and IL-222. Another group has shown that only
V81" v8 T lymphocytes (but not V52" v T cells) could inhibit or prevent the s.c.
growth of autologous melanoma in SCID mice engrafted with human tumors?®. This
was an important finding, because V51" T cells do not recognize phosphoantigens,
and thus do not benefit from endogenous phosphoantigen presentation by tumor
cells. Interestingly, it was known more than 20 years ago that NK cell clones mediate
strong cytolysis of both Daudi and Raji targets?2. In fact, the overall pattern of
cytotoxicity mediated by peripheral blood yd T cells is markedly different from that
mediated by NK cells from same individuals. This could suggest that the recognition
of Raji cells by NK cells was mediated by NK receptor molecules that were present
on NK cells, but not on y6 T cells. However, these authors (and many others)
believed that the reason was the influence of the y8 TCRZ2. By showing the role of
NKp30 in the recognition of these ydé-resistant targets, our work thus contributed to a
change of paradigm in the understanding of the different patterns of anti-tumoral
cytotoxicity fulfilled by NK cells and y5 T cells.

Recent studies have shown NCR protein expression on umbilical cord blood
(UCB) T cells after IL-15 stimulation'® (in contrast, the NCRs were not observed
when UCB T cells were cultured with IL-4). UCB T cells (essentially CD3" CD8"
CD56" T cells, including y& T cells) acquired NKp30, NKp44, and NKp46 following
culture with IL-2 or IL-15; however, only NKp30 was functional. The proximal adaptor
protein for NKp44, DAP12, was only minimally expressed by IL-15-expanded UCB T
cells, likely explaining the lack of NKp44 signaling. The lack of NKp46 function was
more difficult to explain. The proximal adaptor proteins used by NKp46 and NKp30
(CD3¢ and FceRly) were expressed by UCB T cells at levels apparently sufficient to
permit signaling via NKp30. The authors suggested that NKp46 could require
distinct, and yet undefined, downstream signaling components that are present in

NK cells, but not in UCB T cells. This information is important for our work, because
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NKp46 seems to be non-functional in V51" NCR" T cells. Thus, it would be of
interest to analyse the expression of the adaptor proteins used by NKp46 in these
cells. Finally, the authors detected small amounts of naive adult peripheral blood T
cells expressing NKp30 following IL-15 stimulation, but this receptor was not
functionall®, In these experiments it seems very likely that upon IL-15 stimulation,
other human adult peripheral blood T cell subset (e.g. CD8" af T cells) were
induced to acquire NKp30 following IL-15 stimulation, but only V81" T cells (that
were very diluted, and thus not detected) were able to sustain NKp30 expression. In
fact, it has been recently shown that IL-15 is capable of inducing NKR and CD56
expression, and NK-like cytotoxicity, in purified human CD8" CD56 T cells®2
Together, these data may suggest that peripheral blood V81" y§ T cells, just like
CD8" CD56™ af T cells, could represent a more immature/undifferentiated subset,
that retained the ability to express functional NCR. It was shown that Bcl11b gene
deletion converted T cells from all developmental stages into “induced T-to-natural
killer (ITNK) cells”, which were morphologically and genetically similar to
conventional NK cells, expressed NCRs, killed tumor cells in vitro, and effectively
prevented tumor metastasis in vivo®2. It would be interesting to know if Bclllb is
differentially down-regulated in activated V81" NKp30™ cells, and if it is involved in
NCR expression on V51" y3 T cells.

Recently, 3 different alternatively spliced NKp30 isoforms were shown to affect
the prognosis of gastrointestinal stromal tumors™®. Future work should elucidate
which isoform is present on V31" cells.

As initially described, NCRs are not detected in fresh human adult yd T cells
(Figure 4, chapter 4). A recent study described that NKp44™ Vy9V32 T cells could be
produced ex vivo upon stimulation with complex cytokine cocktails. However, the
percentage of NKp44* v& T cells in the culture was very low??, shedding doubts
about the biological role of this induced subset in humans. Interestingly, we noticed
that the accumulation of NCR" V31" cells in PHA/IL-2-activated cultures was
associated with very high upregulation of CD11c and CD8 (data not shown), a
phenotype reminiscent of intestinal intraepithelial lymphocytes®®. In fact, while we
describe here the ex vivo differentiation of NCR* V31" v T cells upon ex vivo
activation, our collaborators have collected firm evidence that V81" NKp46™ IELs can
be observed in vivo, in the intestinal epithelium (Kelly Hudspeth, and Domenico

Mavilio, manuscript in preparation). Therefore, the gut environment may provide the
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required cytokines and V81" TCR ligands, possibly MICA2*1231 for physiological
NCR induction. Current research is addressing the functional properties of V&1*

NKp46* IELs and their potential roles in gut homeostasis.

5.5 FUTURE PERSPECTIVES

Over the past decade, many studies have reported encouraging results regarding
the use of v T cells for cancer immunotherapy?2. However, despite these important
findings, various major questions remain unanswered. For instance, it will be very
important to decipher the full repertoire of tumor antigens involved in yd T cell
recognition, and to find additional determinants of tumor cell killing. yo T cells
express a very diverse panel of inhibitory and activating receptors that directly
impact on their activation state and function (Figure 4, chapter 1). However, we still
lack a dynamic picture of the receptors elicited along tumor-induced yd T cell
activation, and a deep understanding of the interplay between the numerous
signaling cascades induced upon sequential or concomitant receptor
engagement?2. To understand y§ T cell activation, it will be very important to
determine exactly how phosphoantigens interact with the Vy9V62 TCR. Furthermore,
the anergy of repeatedly challenged phosphoantigen-treated Vy9Vé2 T cells
reported in vitro and in clinical trials®¥2! constitutes a serious obstacle to
phosphoantigen-based immunotherapies. This acquired anergy may be caused by
inhibitory receptors expressed on Vy9Va2 T cells, as it was seen for PD-1 on CD8" T
cells@, but other mechanisms are also likely to be involved. Moreover, the absolute
need for exogenous IL-2 administration in cancer patients has become the major
drawback for the later stages of development of phosphoantigen therapies2. The in
vivo administration of IL-2 (a very pleiotropic molecule), has a very deep impact in
the patients” immune system, and unpredictable consequences concerning Vy9Vs2
T cell activation. For example, we showed that Tregs (which are highly sensitive to

IL-2) can inhibit v& T cell proinflammatory functions in mice®% and other studies have

shown this in humans®Z. Studies with op T cells struggled with the same problem,

although only a few trials have omitted IL-2 infusions®22. As we previously described,

phosphoantigens alone cannot sustain Vy9Vé2 T cells activation (Chapter 2), and
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Conclusions — Chapter 5

very low levels of IL-2 lead to incomplete cell activation. Thus, the ex vivo activation
of vd T cells for adoptive cellular immunotherapy, avoiding IL-2 infusions, clearly
seems to be a more attractive strategy. Still, non-responsive (NR) patients are
typically excluded from Vy9Vé2 T cell-based adoptive immunotherapy trials, owing to
the impossibility of increasing the number of cells in vivo or ex vivo. The reason for
this in not yet understood, although autologous DCs pretreated with zoledronate
induced some expansion of Vy9Vs2 T cells in NR patients322.

The tumor itself is a very challenging environment. Reducing the recruitment of
tumor infiltrating lymphocytes by laterations in the tumor vasculature represents a
first line of defense against cytotoxic T cells. This is even more important for Vy9Vs2
T cells, since only a minority of these cells infiltrate established tumors®%. In this
context, the lack of an adequate mouse model for y6 T cell immunotherapy is a big
obstacle to a better understanding of the dynamics of yd T cell infusions.

Probably, the best way to control all these factors would be in a customized
treatment of yd T cells in vitro, allowing these cells to become fully functional before
being infused in patients. The capacity to overcome the tumor inhibitory environment
could eventually be provided by transfecting yo T cells with new genetic elements,
including KARs or genes conferring resistance to several chemicals. Indeed,
adoptively transferred yo T cells should express adhesion molecules that provide
strong adhesion to the tumor endothelium, and the capacity to resist
immunosupressive cells that are recruited to the tumor environment®2. For example,
immature DCs and myeloid-derived suppressor cells (MDSC) produce arginase |,
prostaglandin E2 (PGE;), reactive oxygen species (ROS) that inhibit T cell
function®. Mesenchymal stem cells also have a very potent immunosuppressive
role, by producing Indoleamine 2,3 dioxygenase (IDO), NO, HGF, as well as TGF-$1
and IL-10 cytokines®2. Adding to this, Tregs can inhibit phosphoantigen-induced
TCR Vy9Va2 T cell proliferation and effector functions. Finally, NKG2D ligands are
often proteolytically shed from the surface of tumor cells promoting NKG2D down-
regulation in y& T cells and tumor escape®%,

Thus, although holding great potential, Vy9Vé2 T cell-based immunotherapy may
be limited by various factors, including poor infiltration into tissues. In chapter 4, we
characterized a novel, highly cytotoxic subset of V51" T cells which, unlike their V52"
counterparts, home preferentially to tissues. In our studies, V81" T cells were

obtained at very high numbers after 19 days of ex vivo expansion in cell culture
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plates (=1x10® V51" cells; Figures 1A and 6B, chapter 4), and a high percentage of
these cells expressed NKp30* (Figure 6C), reaching a total of *6x10’ NKp30* V&1*
cells, obtained from 500ml of peripheral blood. However, for clinical purposes, a
more efficient protocol, providing larger numbers of NKp30* V51" cells, is needed.
Along these lines, in the near future we plan to optimize/ maximize our in vitro
differentiation protocol of V51" NKp30™ cells, aiming to achieve cell yields (up to
5x10° V81" cells) that may allow adoptive cell therapy for cancer patients. We will
develop a method to generate clinical-grade functional NKp30™ y§ cells from the
peripheral blood of cancer patients, under good manufacturing practices (GMP).
Thus, v T cells will be cultured in a fully closed, large-scale, automated bioreactor

394.3% and other

system, which has been used for large-scale expansion of NK cells
immune cells222% Several soluble cytokines (IL-12, IL-15, IL-21), soluble NKG2D
ligands or coated beads (as artificial feeder cells) will be tested in order to enhance
cell proliferation. In fact, although the culture process to generate NKp30* V51" cells
is more complicated than the Vy9Vo2 culture process, it is still far easier than the
isolation and expansion of Ag-specific a3 T cells. The major limitation of our current
work is the unknown identity of NKp30 ligands on tumor cells. Since B7-H6 does not
seem to play a role (chapter 4), further research is needed in order to identify the
respective ligands.

The clinical potential of NKp30* V81" T cells produced in the bioreactor system
will be evaluated in phenotypic and functional assays, both in vitro and in vivo (e.g.,
cellular cytotoxicity assays against tumor cells of diverse tissue origin, cytokine
production, survival and proliferation assays). After the generation of pre-clinical
data, the progress to Phase | clinical trials in ALL patients (the most suitable
candidates for this therapy) will depend on attracting the interest of companies or
investors specialized in adoptive cell therapy. In Europe and USA, 11.600 new cases
of ALL are identified each year. It is the most frequent cancer in children under 15
year of age®®. With conventional treatments (chemotherapy, or radiotherapy and
bone marrow transplant) the death rate after 5 years remains very high (25% in
children and 60% in adults). We hope our efforts in developing novel yd T cell-based
immunotherapy protocols will offer an alternative treatment to patients affected by

hematological tumors and other cancers, particularly by preventing disease relapse.
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Abstract

Background: The unique responsiveness of Vy9Vo2 T-cells, the major yd subset of human peripheral blood, to non-peptidic
prenyl pyrophosphate antigens constitutes the basis of current v T-cell-based cancer immunotherapy strategies. However,
the molecular mechanisms responsible for phosphoantigen-mediated activation of human yé T-cells remain unclear. In
particular, previous reports have described a very slow kinetics of activation of T-cell receptor (TCR)-associated signal
transduction pathways by isopentenyl pyrophosphate and bromohydrin pyrophosphate, seemingly incompatible with
direct binding of these antigens to the Vy9V32 TCR. Here we have studied the most potent natural phosphoantigen yet
identified, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), produced by Eubacteria and Protozoa, and
examined its yd T-cell activation and anti-tumor properties.

Methodology/Principal Findings: We have performed a comparative study between HMB-PP and the anti-CD3g
monoclonal antibody OKT3, used as a reference inducer of bona fide TCR signaling, and followed multiple cellular and
molecular yo T-cell activation events. We show that HMB-PP activates MEK/Erk and PI-3K/Akt pathways as rapidly as OKT3,
and induces an almost identical transcriptional profile in Vy9* T-cells. Moreover, MEK/Erk and PI-3K/Akt activities are
indispensable for the cellular effects of HMB-PP, including v T-cell activation, proliferation and anti-tumor cytotoxicity,
which are also abolished upon antibody blockade of the Vy9* TCR Surprisingly, HMB-PP treatment does not induce down-
modulation of surface TCR levels, and thereby sustains yd T-cell activation upon re-stimulation. This ultimately translates in
potent human 6 T-cell anti-tumor function both in vitro and in vivo upon transplantation of human leukemia cells into
lymphopenic mice,

Conclusions/Significance: The development of efficient cancer immunotherapy strategies critically depends on our
capacity to maximize anti-tumor effector T-cell responses. By characterizing the intracellular mechanisms of HMB-PP-
mediated activation of the highly cytotoxic Vy9* T-cell subset, our data strongly support the usage of this microbial antigen
in novel cancer clinical trials.
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In line with the cancer susceptibility phenotype of mice devoid
of yd T-cells [4], human Vy9Vd2 T-cells are endowed with
notable anti-tumor activity toward a large spectrum of malignant
cell lines of diverse tissue origin, particularly among lymphomas

Introduction

The capacity to recognize and eliminate transformed cells is
common to several lymphocyte subsets of both the adaptive and

the innate immune systems that are being targeted in cancer
immunotherapy [1,2]. One population that appears to bridge
these two systems in humans is characterized by the expression of
a Vy9V32 T-cell receptor and represents 1-10% of peripheral
blood lymphocytes (PBL) of healthy individuals, but expands up to
30-50% upon bacterial or protozoan infection [3].

@ PLoS ONE | www.plosone.org

and leukemias [5], but also including melanomas and carcinomas
[6], and are being explored in various clinical trials [7,8].
Unexpectedly, VY9V2 cells were shown to respond to self- and
foreign non-peptidic low molecular weight antigens with phosphate
moieties (“phosphoantigens”), in what turns out to be an exclusive
property of this lymphocyte subset [9,10,11]. Indeed, no other
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human T-cell subset (namely V31 cells), or any of the murine Y3
populations, respond to phosphoantigens such as prenyl pyro-
phosphates [3].

From its early isolation from mycobacteria, isopentenyl
pyrophosphate (IPP) [10] became the model phosphoantigen for
studies on Vy9V2 activation. However, it is now clear that this
class of compounds contains multiple members, either naturally
occurring or synthetic, which span an extremely diverse range of
bioactivities, up to 10'° fold differences. To date, the natural
phosphoantigen with highest bioactivity known (32 picomolar) is
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), an
intermediate of the 2-C-methyl-D-erythritol 4-phosphate (MEP)
pathway employed by FEubacteria and apicomplexan Protozoa but
not by eukaryotes [12]. Although HMB-PP is respectively 30,000
and 100 times more potent than IPP and bromohydrin
pyrophosphate (BrH-PP, also known as “Phosphostim™), most of
the studies on phosphoantigens have been performed with these
compounds (already applied in the clinic) due to their historical
precedence [3]. Such studies revealed a very slow kinetics of
activation of TCR-associated signal transduction pathways, and
conflicting results regarding their potential interactions with the
Vy9Vo2 TCR [12,13,14]. This, added to the consistent failure to
demonstrate cognate interactions between Vy9Vo2 TCRs and
phosphoantigens in acellular systems [15], has shed some
skepticism regarding the action of phosphoantigens as direct
TCRYS agonists. As HMB-PP is considered for y§ T-cell-based
cancer clinical trials, hoping to improve the performance of
previous phosphoantigens [7,8], it i1s crucial to clarify its own
molecular/cellular mechanisms of action, including its potential
capacity to trigger bona fide VY9V2 TCR signaling. Consistent
with such potential, it has been recently shown that HMB-PP has
the capacity to induce the formation of high-density TCR
nanoclusters on the surface of human 8 T-cells [16], and a
newly-developed tetramer reagent for the Vy9V42 TCR of rhesus
macaques was reported to bind to HMB-PP loaded on the surface
of human antigen presenting cells (APC) [17].

In this study we have analyzed the intracellular effects of HMB-
PP stimulation of human yd T-cells. Our data show that HMB-PP
induces the activation of MEK/Erk and PI-3K/Akt signaling
pathways with similar kinetics to direct cross-linking of the TCR
complex in human 3 T-cells, and requires those activities to
mediate effective Y0 T-cell activation, including a full repertoire of
TCR-associated transcriptional signatures and the secretion of
pro-inflammatory cytokines IFN-y and TNF-o. Although TCR
accessibility is required for HMB-PP activity, this phosphoantigen
does not lead to ligand-induced TCR internalization, which
appears to be advantageous for sustaining the cells’ activation
status upon re-stimulation. Finally, very low amounts of HMB-PP
in conjugation with interleukin-2 (IL-2) confers human y& T-cells
with very potent anti-lymphoma/leukemia activity both  vitro and
in a human/SCID mouse model for the transplantation of human
tumors, thus attesting the therapeutic potential of HMB-PP for
cancer immunotherapy.

Results

Nanomolar amounts of HMB-PP replicate saturating TCR/
CD3 ligation for activation of Vy9* T-cells

In this study we used the anti-CD3e monoclonal antibody
(«CD3 mAb) OKT3 as a control for canonical T-cell activation
through the TCR/CD3 complex, for direct comparison with
HMB-PP. We began by testing the effect of several doses of each
stimulating compound on human Y& T-cell activation, prolifera-
tion and survival. Concentrations of 1 nM HMB-PP and 1 pg/ml

@ PLoS ONE | www.plosone.org

HMB-PP Signaling in yd T-Cells

OKT?3 produced identical profiles of expression of the activation
marker CD69 in the Vy9" T-cell population (Figure 1A), and
displayed strikingly similar kinetics of activation without significant
differences in cell viability (Figure 1B); they were therefore used in
all subsequent experiments. Interestingly, whereas aCD3 mAb
treatment reached a plateau of 60% CD69" cells at 1-10 pg/ml
OKT3, 10 nM of HMB-PP were able to further increase the
abundance of activated Vy9" T-cells, to above 80% (Figure 1A).

Activated Vy9V82 T-cells are known to secrete large amounts
of IFNy and TNFa, very potent anti-tumor mediators i vive. In
accordance, treatment of sorted y8 PBL (80-95% Vy9") with
HMB-PP induced a typical Thl cytokine profile, characterized by
the preferential production of TNFeo, IFNy and LToa, in the
absence of significant IL-4 or IL-10 (Figure 1C). Notably, the levels
of Thl cytokines produced after 1 nM HMB-PP treatment were
similar to those induced by saturating amounts of aCD3 mAb
(Figure 1C and data not shown), suggesting that low amounts of
this phosphoantigen are able to fully exploit the TCR-mediated
functional potential of Vy9V62 T-cells.

For the selective expansion of Vy9* T-cells, HMB-PP has the
advantage of not inducing off T-cell proliferation. Thus, HMB-PP
treatment promoted the specific proliferation of Vy9" T-cells
within human PBL (Figure 1D). Importantly, this effect was
completely abolished upon addition of a blocking antibody to the
Vy9* TCR (Figure 1E), demonstrating the TCR-dependence of
HMB-PP activity.

While HMB-PP alone promoted up to 5 divisions of Vy9* T-
cells over 4 days, further proliferation required the co-adminis-
tration of IL-2 (Figure 1D). A cooperative effect between
phosphoantigens and IL-2 has been previously described
[18,19], and in this study translated into a Vy9* T-cell expansion
of 30-fold within one week and 45-fold within two weeks of
stimulation (Figure S1A). Moreover, addition of 100 units/mL IL-
2 to HMB-PP cultures dramatically increased the total amounts of
Th1 cytokines secreted by yd T-cells by 20-80 fold (Figure S1B),
which correlated with the induction of key transcription factor ¢-bet
in cells stimulated with IL-2 or IL-2/HMB-PP combination
(Figure S1C)

HMB-PP rapidly triggers MEK/Erk and PI-3K/Akt signaling
required for Vy9" T-cell activation and anti-tumor
function

Having characterized the cellular behavior of HMB-PP-
stimulated Vy9" T-cells, we next investigated the intracellular
signaling mechanisms downstream of HMB-PP. Previous studies
with less active phosphoantigens [3] reported a significant delay in
the activation of kinase cascades when compared to direct TCR/
CD3 complex ligation with OKT3 mAb [12,13]. Instead, for
HMB-PP, we observed a very rapid (peaking around 7 min of
stimulation), and absolutely identical to OKT3, kinetics of
phosphorylation of the major signaling pathways implicated in
TCR signal transduction: JNK, Erk and p38 MAPK; and PI-3K-
associated Akt and GSK3p (Figure 2A, left panel). The same was
valid in the presence of IL-2, in which kinase phosphorylation
peaked earlier (immediately after 1 min of stimulation) but was still
identical for HMB-PP or OKT3 combinations (Figure 2A, right
panel). Of note, we verified that IPP could not replicate these
signaling properties of HMB-PP, as illustrated by its failure to
induce Akt phosphorylation within 60 minutes of stimulation
(Figure S2). Furthermore, IPP treatment (even when used at 10°
fold higher concentrations than HMB-PP) resulted in a modest
production of TNFo and IFNy within the first 6 hours of
stimulation, when compared to HMB-PP (Figure 2B). These data
reveal a thus far unique capacity of HMB-PP to trigger very rapid
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Figure 1. Nanomolar HMB-PP replicates saturating TCR/CD3 ligation for Vy9* T-cell activation. (A) Flow cytometry analysis for the
expression of the activation marker CD69 in MACS-sorted (97-98% purity) y6 PBL, stimulated for 48 hours with the indicated amounts of HMB-PP or
anti-CD3 mAb (OKT3). Shaded are non-stimulated Vy9* T-cells. Percentages refer to cells above the threshold bar. (B) Time-course of the experiment
described in (A) for 1 nM HMB-PP and 1 ng/ml OKT3; cells were also stained with Annexin V to assess their viability (Annexin V™). (C) Cytokine bead
array analysis of supernatants of MACS-sorted y5 PBL (of which 80-90% Vy9") cultures after 24 hours of stimulation with HMB-PP or OKT3. RPMI refers
to cells kept in media not supplemented with activating compounds. (D) CFSE dilution assays to monitor T-cell proliferation in total PBMC cultures
supplemented with HMB-PP (1 nM) or OKT3 (1 pg/ml), with or without 100 U/mL rhiL-2. Cells (gated on Vy9* or CD4") were analyzed by flow
cytometry after 4 days in culture; shaded are non-divided cells. Percentages indicate cells that have undergone more than 5 rounds of division. (E)
CFSE dilution in gated Vy9* T-cells within 6-day cultures of total PBMC activated with 1 nM HMB-PP in the presence or absence of blocking anti-
TcRVY9 antibody. Dashed is a control incubated in 10% RPMI without HMB-PP. Results shown in this figure are representative of 3 independent

experiments.
doi:10.1371/journal.pone.0005657.g001

TCR-associated signaling, compatible with direct binding of the
phosphoantigen to the TCR complex.

We next tested the requirement on intact PI-3K and MAPK
pathways for v T-cell activation and anti-tumor function induced
by HMB-PP. We pre-treated yd T-cells with chemical inhibitors
that specifically block those pathways and then analyzed the effects
on cell activation, proliferation, TNFa secretion and tumor cell
killing. Inhibition of PI-3K/Akt pathway using LY294002 resulted
in approximately half of the cells losing their responsiveness to
HMB-PP after 24-46 hours of stimulation (Figure 3A). Inhibition
of the MEK/Erk pathway by UO126 produced even more
dramatic effects, precluding HMB-PP-activation of approximately
two thirds of Vy9* T-cells. Moreover, inhibition of PI-3K/Akt and
MEK/Erk signaling reduced TNFa production by HMB-PP-
activated v8 T-cells to around 20% and 10% of control levels,
respectively, both in the absence and in the presence of IL-2
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(Figure 3B). These effects were remarkably mirrored in cultures
supplied with «CD3 mAb, further demonstrating the similarity of
these two activation regimens (Figures 3A and 3B).

In what regards v T-cell proliferation induced either by HMB-
PP or by OKT3 (in the presence of IL-2), this was mostly
dependent on intact PI-3K/Akt signaling, since UO126 had a
more modest effect when compared with the severe block
produced by LY294002 treatment, which reduced the proportion
of vd cells that divided twice or more over 4 days in culture, from
over 80% to approximately 20% (Figure 3C).

Finally, the anti-tumor function of sorted Y& PBL (80-95%
Vv9") was assessed through i witro killing of the Jurkat leukemic
target cell line. HMB-PP pre-treatment augmented y8 T-cell-
mediated tumor cell death from around 20% (non-activated yd) to
40% (1 nM HMB-PP) or 70% (10 nM HMB-PP) in a 6 hour assay
(Figure 3D and data not shown). However, the addition of UO126
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or/and LY294002 to the treatment reduced posterior leukemia
targeting to basal (20-30%) levels; this was also the case for the
more efficient (over 80% killing) combination of HMB-PP with IL-
2 (Figure 3D). Collectively, these data demonstrate an absolute
requirement of PI-3K/Akt- and MEK/Erk-mediated signal
transduction for HMB-PP-induced activation of anti-tumor

Vy9Vé2 T-cells.

HMB-PP signaling mimics the transcriptional events
downstream of TCR ligation

Signaling cascades ultimately produce alterations in gene
transcription, which can be effectively tracked by microarray
analysis. We employed this technology to compare the transcrip-
tomes of Vy9VE2 T-cells activated with either HMB-PP or
OKT3. Both stimuli produced dramatic transcriptional changes:
when compared to non-stimulated cells, HMB-PP and OKT?3

@ PLoS ONE | www.plosone.org

treatment resulted in 1359 and 1080 differences in gene expression
of 4-fold or above, respectively (Figure 4A; full microarray data
available on ArrayExpress via http://www.ebi.ac.uk/; accession
E-MEXP-1601). These were consistent across 3 individual
microarray experiments (Figure S2). Strikingly, a direct compar-
ison of the two stimuli revealed that they affected essentially the
same genes, as only 6 were differentially expressed (>4-fold)
between them (Table 1). Therefore, the transcriptional program
downstream HMB-PP appears to be extremely similar to that
induced by bona fide TCR signaling, as clearly illustrated by the
Volcano plots of Figure 4A.

The gene expression program shared by HMB-PP treatment
and direct TCR cross-linking involves, among many others targets
(E-MEXP-1601), the very high (above 16-fold) up-regulation of
pro-inflammatory genes IFNy and LToa, chemokines CCLS,
CCL2, CXCL9 and CXCL10, cell cycle mediator cyclin D2,
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activation co-receptor ICOS, cytolysis mediator Fas ligand (Fas-L),
and components of cytokine receptors IL-2Ra (CD25) and IL-
15Ra (Table 1), many of which are also induced by related
phosphoantigens [20]. These results were validated by quantitative
real-time PCR (qPCR), as shown on Figure 4B for a selection of
genes.

Although we have concentrated here on genes upregulated
upon stimulation, the profile of downregulated genes was also
almost identical between the two treatments (E-MEXP-1601). Our
results collectively suggest that HMB-PP essentially recapitulates
the transcriptional program associated with bona fide TCR
signaling. This phenomenon is further illustrated by a heatmap
representation of gene expression levels across the samples, as
depicted in Figure S3.

HMB-PP does not induce Vy9" TCR internalization and
sustains the production of anti-tumor cytokines
Although our previous data demonstrated a striking parallel
between HMB-PP- and OKT3-mediated y8 T-cell activation,
previous reports on various phosphoantigens (other than HMB-
PP) had revealed contradictory data on the modulation of surface

Vy9Vd2 TCR levels [13,14]. This, added to recent data on the
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properties of HMB-PP interactions with TCR/CD3 complexes
[16,17], prompted our investigation on whether HMB-PP
stimulation induced TCR internalization in human yd PBLs. In
afy T cells, activation by cognate antigen or anti-TCR/CD3
antibodies typically induces TCR internalization and consequently
the down-modulation of its surface levels independently of the
constitutive recycling of the complex [21,22]. Using two
independent approaches, based on flow cytometry (Figure 5A) or
confocal microscopy (Figure 5B), we consistently observed that
HMB-PP-stimulated 8 T-cells maintained their high TCR
surface expression, in stark contrast with the extensive down-
regulation seen in OK'T3-treated cells. This was the case both in
the absence and in the presence of IL-2 (data not shown).

We next asked whether the lack of TCR internalization upon
HMB-PP treatment could be associated with sustained activation
of yd T-cells. We tested the capacity of cells that had been treated
for 2 days with either HMB-PP or OKT3, to respond to a second
boost of stimulation (Figure 5C). Whereas HMB-PP-treated cells,
which maintained high TCR levels on the cell surface after the
initial 48 hour treatment (Figure 5A), produced high amounts
(similar to primary activation) of anti-tumor Thl cytokines in
response to the secondary 24 hour stimulation with HMB-PP
(Figure 5D), OKT3-treated cells failed to do so, presumably due to
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their inability to respond to the mAb once their TCR complexes
have been internalized (Figure 5A-B). Although upon restimula-
tion with HMB-PP, IFNy became more abundant than TNFa
(Figure 5D), contrary to the primary activation data (Figure 1C
and Figure S1B), the cytokine profile of the two HMB-PP-based
protocols were qualitatively very similar and consistently Thl-
biased (Figure 5D and data not shown). These data show that
HMB-PP is remarkably capable of sustaining Vy9Vé2 T-cell
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activation and the production of anti-tumor cytokines, which are
critical parameters in immunotherapy protocols.

HMB-PP plus IL-2 treatment promotes leukemia cell
killing in vitro and in vivo

Having characterized the intracellular mechanisms of HMB-
PP-mediated vy T-cell activation, we next evaluated the anti-
tumor potential of HMB-PP-based regimens. We selected
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Table 1. Transcriptional changes induced by HMB-PP or OKT3 (anti-CD3 mAb) in Vy9V52 T cells.

Similarly induced by HMB-PP and OKT3®

Link® Gene Description Function HMB* OKT3¢ Differ
3458 IFNy Interferon-y Cytokine 9.53 8.70 0.83
6355 ccLs Chemokine CC motif 8 Chemokine 8.09 8.08 0.01
114614 MIRN155 MicroRNA 155 MicroRNA 7.83 7.95 —0.12
4049 LTo Lymphotoxin-o Cytokine 7.35 6.64 0.71
6347 ccL2 Chemokine CC motif 2 Chemokine 6.49 6.19 0.30
3559 IL2Ro, IL-2R o chain Cytokine-R 6.34 7.10 —0.76
4283 cXCcL9 Chemokine CXC motif 9 Chemokine 6.14 6.14 0.00
3627 CXCL10 Chemokine CXC motif 10 Chemokine 5.75 4.87 0.88
894 CCND2 Cyclin D2 Cell cycle 5.62 5.25 0.37
3902 LAG3 Lymphocyte activation gene Activation-R 4.46 4.08 0.38
29851 ICOS Inducible T cell costimulator Activation-R 4.46 5.40 —0.94
6504 SLAMF1 Signal transducer SLAM-1 Signaling 4.23 434 —0.11
Differentially induced by HMB-PP or OKT3

Link® Gene Description Function HMB*® OKT3¢ M
7412 VCAM1 Vascular cell adhesion-R Adhesion 4.50 1.45 3.05
6373 cXcLnt Chemokine CXC motif 11 Chemokine 545 2.59 2.86
1493 CTLA4 Co-receptor CTLA-4 Activation-R 453 7.23 —2.70
112744 IL17F IL-17 isoform F Cytokine 1.29 4.81 —3.52
4094 MAF Transcription factor Maf Signaling 0.04 3.83 —-3.79
6374 CXCL5 Chemokine CXC motif 5 Chemokine 0.04 7.14 —7.10

®Locus link gene ID (for unequivocal gene identification).

Log,[fold change] relative to non-stimulated cells.

dDifference in fold induction between HMB-PP-treated and OKT3-treated cells.
doi:10.1371/journal.pone.0005657.t001

leukemias as model tumors to employ in both @ vitro and i viwo
assays. The in wvitro system previously used with Jurkat cells
(Figure 3D) was applied to a larger panel of leukemia cell lines:
Molt-4 (T-cell, RCH-ACV (pre-B cell) and HL-60 (myeloid)
(Figures 6A-B). v& PBL (80-95% Vy9") were treated with the
different stimulating agents for 72 hours, and then transferred to
plain media in co-culture with the leukemia cells. In just 3 hours,
more than 80% of leukemia cells were killed by the & T-cells that
had been stimulated with a combination of HMB-PP with IL-2
(compared to less than 20% by non-activated Y9 T-cells), and such
a regimen was at least as effective as saturating aCD3 plus IL-2
(Figures 6A-B). Of note, ®CD3 mAb or HMB-PP used in isolation
produced more modest increases in target-cell lysis (Figures 6A-B),
highlighting the importance of exogenous IL-2 for the full
activation of Vy9V2 T-cells [18,23] (Figure S1).

Taking into account the added relevance of pre-clinical i vivo
systems for the evaluation of the anti-tumor potential of
immunotherapy strategies, we adapted a model of transplantation
of human tumors into lymphopenic SCID mice, previously used
with human v T-cells by Kabelitz and colleagues [24], and added
bioluminescent analysis of tumor development, which allows early
detection of tumors and temporal evaluation throughout the
course of treatment, in live animals and in real-time [25]. Four
weeks after tumor injection, mice that had received HMB-PP plus
IL-2-treated (activated and expanded over 12 days) yd PBL
showed significantly reduced tumor load (derived from Molt-4
leukemia cells) compared to control mice that did not receive vy

@ PLoS ONE | www.plosone.org

Values are log,[fold change] compared to non-stimulated cells, based on triplicate microarray experiments. (-R, receptor).
“Listed is a selection of genes implicated in T cell activation. Full cDNA microarray data available on ArrayExpress (E-MEXP-1601).

T-cells (Figures 6C-FE). Furthermore, while most control had to be
sacrificed at week 4 due to excessive body weight loss, yd-treated
animals resisted wasting for longer, up to week 6 (Figures 6C-D
and data not shown). These results attest the capacity of HMB-PP-
expanded and activated y8 T-cells to induce anti-tumor responses
in viwo, and support the application of this phosphoantigen in
conjugation with low amounts of IL-2 in clinical cancer settings.

Discussion

The stimulatory effect prenyl pyrophosphates have on Vy9Vo2
T-cells has been well documented and seems to require TCR
expression, as indicated by antibody blocking and gene transfer
experiments [26,27]. However, some of these experiments have
been difficult to reproduce, and all attempts at showing cognate
interactions between Vy9V42 TCRs and phosphoantigens in
acellular systems (including surface plasmon resonance and X-ray
crystallography of isolated complexes) have failed [15], probably
due to the requirement of an unknown phosphoantigen-presenting
molecule [12]. This has raised some skepticism on phosphoanti-
gens as TCRYd agonists, also stemming from the lack of precedent
for such type of compounds interacting with any other variable
region molecule, including all other Y8 TCRs in humans or mice.
However, recent data have highlighted particular properties of
HMB-PP within the large family of phophoantigens. Namely,
HMB-PP induces the formation of high-density Vy9Vé2 TCR
nanoclusters on the membrane of human y8 T-cells [16], and is
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doi:10.1371/journal.pone.0005657.g005

bound on the surface of human APC by a tetramer reagent for the
Vy9Vd2 TCR of rhesus macaques [17].

Following from these results on the extracellular dynamics of
HMB-PP, our study aimed at clarifying the intracellular
mechanisms of Y8 T-cell activation mediated by HMB-PP. Our
results show that very low amounts of HMB-PP are able to mimic
the major effects of saturating ligation of the TCRyd/CD3
complex, including the very rapid activation of MEK/Erk and PI-
3K/Akt pathways to set up a transcriptional program, further
enhanced by IL-2 signaling, that upregulates crucial target genes
such as IFNy or TNFa and endows cells with potent anti-tumor
capacity. Interestingly, HMB-PP can produce all these intracellu-
lar events without down-modulating surface TCR levels, and this
may be advantageous for sustaining the cells’ activation status
upon re-stimulation, as suggested by our cytokine secretion data.
The crucial effect of HMB-PP on VY9V 82 T-cells may thus be the
formation of high-density surface TCR nanoclusters [16] that may
serve as platforms for intracellular signaling.

Our kinetic data on signal transduction further suggest that the
interaction between HMB-PP and the Vy9Vd2 TCR is much
more direct/stable than those of previously studied phosphoanti-
gens, since downstream Erk phosphorylation, for example, peaks
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simultaneously for HMB-PP and OKT3 treatments, in stark
contrast with the delays of 115 min and 60 min, also relative to
OKT3, observed respectively for the “pioneer” (naturally-
occurring) IPP [13] and the more recent (synthetic) BrH-PP
[12], currently in clinical trials as “Phosphostim”. Of note, the
concentration of HMB-PP we used was 50,000-fold and 3,000-fold
lower than those used for IPP and BrH-PP, respectively. These data
reveal a thus far unique capacity of HMB-PP to trigger very rapid
TCR-associated signaling, compatible with direct binding to the
Vy9VE2 TCR, which remains to be formally shown and may
require the assistance of an antigen-presenting molecule yet to
identify [12,17]. This notwithstanding, we show for the first time,
using a chemical inhibition strategy, that the major cellular effects
of HMB-PP - y8 T cell activation, proliferation, Thl cytokine
secretion and anti-tumor cytotoxicity - are strictly dependent on
Erk- and Akt-mediated signal transduction. HMB-PP stimulation
therefore recruits the same signal transduction machinery
employed by the y6 TCR, and is capable of doing so at minimal
concentrations and within a strikingly short temporal scale that
distinguish it from less potent phosphoantigens, whose stimulating
effects on y8 T-cells most probably derive from their structural
similarities with HMB-PP [3].
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The use of a microbial compound for the activation of human
anti-tumor lymphocytes fits the overall strategy of providing
immune adjuvants (like viral nucleic acids for CD8" T-cells) for
cancer therapy. Compared to other T-cell agonists, HMB-PP
offers the advantage of specifically activating a T-cell population
with overt effector function, devoid of known immune suppressive
(“regulatory”) subsets. Moreover, Vy9Vd2 T-cells are broadly
reactive to tumors, potentially allowing them to be used to treat a
variety of cancers.

The data presented in this report provide a framework for
designing novel immunotherapy protocols using v8 T-cells, and
encourage the use of HMB-PP in clinical settings. v T-cell-
mediated tumor surveillance should evidently be seen as
complementary to the adaptive component provided by MHC-
restricted off T-cells upon priming by dendritic cells. Importantly,
VYy9VE2 T-cells can also induce monocyte and DC maturation
[28,29,30], on one hand; and even act as CD80/86-expressing
antigen-presenting cells that prime aff T-cells, on the other [31].
Furthermore, ¥ T-cells are prototypic representatives of uncon-
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ventional lymphocytes with innate anti-tumor capacity, alike NK
and NKT-cells, all of which recognize tumors independently of
classical MHC presentation [2]. We believe the success of cancer
immunotherapy will critically depend on the integration of
conventional and unconventional lymphocyte responses [32] to
tackle the multiple immune evasion strategies developed by
tumors.

Materials and Methods

Ethics statement

All experiments involving animals (rodents) were performed in
compliance with the relevant laws and institutional guidelines and
have been approved by the Instituto de Medicina Molecular
animal ethics committee.

In vitro cultures of human peripheral blood lymphocytes

Peripheral blood was collected from anonymous healthy
volunteers, diluted 1:1 (v/v) with PBS(1x) (Invitrogen Gibco)
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and centrifuged in LSM Lymphocyte Separation Medium (MP
Biomedicals) in a volume ratio of 3:4 (3 parts of LSM for 4 of
diluted blood) for 15 minutes at 1500 rpm and 25°C. The
interfase containing PBMC was collected, washed in PBS (1 x)
and cultured at 1x10° cells/mL at 37°C, 5% CO2 in round-
bottom 96 well plates with RPMI 1640 with 2 mM L-Glutamine
(Invitrogen Gibco) supplemented with 10% foetal bovine serum
(Invitrogen Gibco), | mM Sodium Pyruvate (Invitrogen Gibco),
50 mg/mlL of penicillin/streptomycin (Invitrogen Gibco), in the
presence or absence of 100 U/mL of rhIL-2 (Roche Applied
Science), 1-10 nM of HMB-PP (4-hydroxy-3-methyl-but-2-enyl
pyrophosphate) (a kind gift from H. Jomaa and M. Eberl), and 1-
10 ug/ml of soluble anti-CD3 antibody (eBioscience, clone
OKT3).

For TCR blockade, freshly-isolated PBMC were CFSE-labeled
and then incubated for 6 days with anti- TcRVY9 (Beckman
Coulter, clone IMMU360) diluted 1:20 in complete medium
supplemented with 1 nM HMB-PP.

For the phophoimmunoblotting experiments, MACS-isolated
vS T cells were expanded with 100 U/mL rhIL-2 for 15 days.

To study the effects of chemical inhibitors of signal transduc-
tion, the MEK inhibitor UOI126 and the PI-3K inhibitor
LY294002 (both from Calbiochem) were added at 10 uM for a
2-hour incubation period, and then transferred to fresh medium
(without inhibitors).

Magnetic cell sorting and flow cytometry analysis

v& T-cells were isolated (to above 95% purity) from PBMC by
magnetic cell sorting via positive selection with a FITC-labeled
anti-TCRYS antibody (Miltenyi Biotec). For flow cytometry
analysis (on a FACSCalibur, BD Biosciences), cells were labelled
with fluorescent monoclonal antibodies: anti-CD69-PE (BD
Pharmingen), anti-TcRVY9-PC5 (Beckman Coulter) and anti-
CD4-PerCP (BD Pharmingen). In all cultures the percentage of
Vv9" T-cells was evaluated by flow cytometry. Cell proliferation
was measured by following a standard CFSE staining protocol
(CellTrace CFSE Cell Proliferation Kit, Invitrogen; final concen-
tration 0.5 uM), while apoptosis was assessed by AnnexinV-FITC
(BD Pharmingen) staining. Cells were counted in Mossbauer
chambers using 0.4% Trypan Blue solution (Sigma-Aldrich) for
viability control.

Cytometric Bead Array (CBA)

Cytokine secretion was measured using Cytometric Bead Array
(CBA) technology (BD Biosciences). Cells were seeded with the
respective activators at 2x10° cells/well, culture supernatants
were collected at different time points and analyzed on a
FACSCanto (BD Biosciences) using a custom-made Flex Set with
five different cytokine capture beads: LT-o, IL-10, IL-4, TNF-o
and IFN-y. Data were analyzed using the FCAP Array Software
v1.0.1 running on BD FACSDiva (BD Biosciences).

Protein isolation and phosphoimmunoblotting

Cells were incubated at 37°C with pre-warmed PBS alone or
with HMB-PP (1 nM) or OKT3 (1 pg/mL). Reactions were
stopped by placing samples on ice and adding ice-cold PBS. Cell
lysates were prepared and equal amounts of protein were analyzed
by 10% SDS-PAGE electrophoresis, transferred onto nitrocellu-
lose membranes, and immunoblotted with the following mAbs or
antisera: Actin, phospho-Erk (Y204) (Santa Cruz Biotechnology),
ZAP-70 and phospho-STATS5A/B (Y694/Y699) (Upstate Bio-
technology), phospho-Akt (S473), phospho-GSK-3B (S9), phos-
pho-JNK/SAPK (Y183/185), phospho-p38 MAPK (Y180/182)
(Cell Signalling Technology), and phospho-LCK (Y505) (Trans-
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duction Laboratories). Immunodetection was performed with
horseradish peroxidase-conjugated secondary antibody and devel-
oped by chemiluminescence as described [33]. Whenever
necessary membranes were striped using 15 mM TRIS pH 6.8
plus 2% SDS and B-Mercaptoethanol (100 mM) for 40 minutes at
57°C.

RNA isolation and Affymetrix GeneChip analysis

RNA labeling, hybridization to the Affymetrix GeneChip
Human Genome U133 plus 2.0 Arrays and scanning was
performed by the Affymetrix Core Facility, Instituto Gulbenkian
de Ciencia, Portugal as described below.

Total RNA was extracted using the RNeasy Mini Kit according
to manufacture’s protocol (Qiagen, Hilden, Germany). Concen-
tration and purity was determined by spectrophotometry and
integrity was confirmed using an Agilent 2100 Bioanalyzer with a
RNA 6000 Nano Assay (Agilent Technologies, Palo Alto, CA).
RNA was processed for use on Affymetrix (Santa Clara, CA, USA)
GeneChip Human Genome U133 Plus 2.0 Arrays, according to
the manufacturer’s One-Cycle Target Labeling Assay. Arrays
were scanned on an Affymetrix GeneChip scanner 3000 7G.

All the microarray data analysis was done using R and several
packages available from CRAN (R Development Core Team,
2008) and Bioconductor. The raw data (CEL files) was normalized
and summarized with the Robust MultiArray Average method
from the affy package.

The differentially expressed genes were selected using linear
models and empirical Bayes methods as implemented in lnma
package, verifying the p-values corresponding to moderated F-
statistics, and selecting as differentially expressed genes those that
had adjusted p-values lower than 0.005.

Real-time quantitative PCR

Total RNA was reverse-transcribed into cDNA using random
hexamers and Superscript II first strand synthesis reagents
(Invitrogen). qPCR was performed on ABI Prism 7700 Sequence
Detection System using SYBR Green detection system (both from
PE Applied Biosystems). Primers were designed using Primer3
v.0.4.0 online program (http://primer3.sourceforge.net). Primer
sequences are available upon request. For each transcript,
quantification was done using the calibration curve method. B2-
microglobulin was used as the internal control for normalization.
All samples were run in triplicate and repeated three times.
Analysis of the qPCR results was performed using the ABI SDS
v1.1 sequence analysis software (Applied Biosystems).

Tumor cell cultures and in vitro killing assays

All tumor cell lines were cultured in complete 10% RPMI 1640
(as above), maintained at 1 x10° up to 2x10° cells/mL by dilution
and splitting 1:3 every 3—4 days.

For cytotoxicity assays, magnetically purified Y0 PBL were pre-
activated for 72 hours with 1-10 ug/mL aCD3 mAb (OKTS3) or
1-10 nM HMB-PP either in the absence or presence of IL-2
(100 U/mL). Tumor cell lines were stained with CellTracer Far
Red DDAO-SE (1 uM) (Molecular Probes, Invitrogen) and each
3x10* tumour cells were incubated with 3x10° ¥8 T-cells in
RPMI devoid of activating compounds, for 3 hours at 37°C and
5% CO2 on a round-bottom 96 well plate. Cells were then stained
with Annexin V-FITC and analyzed by flow cytometry.

Confocal microscopy

Cells were stained at 4°C with mouse anti-human TCR
Vgamma9-PC5 (Beckman Coulter) primary antibody, and with
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anti-mouse Alexa Fluor 633 (Invitrogen, Molecular Probes)
secondary antibody. Cells were then fixed with 4% Paraformalde-
heyde for 15 minutes at 4°C. Nuclear DNA content was stained
for with DAPI Fluoromount G (Southern Biotech). Immunoflu-
orescence microscopy was performed with a LSM 510 META
confocal microscope (Zeiss). Separate images were collected with a
63 x objective for each fluorochrome and then overlaid to obtain a
multicolor image.

Bioluminescent imaging of transplanted leukemia

development in SCID mice

107 Molt-4 T-cell leukemia cells stably expressing firefly
luciferase and GFP were injected i.v. in groups of 6 NOD/SCID
mice per experiment, either in isolation or together with 5 x 107 8
PBL (>80% V9", previously expanded and activated in vitro with
1 nM HMB-PP for 12 days. Treated mice received boosts of
5%107 y8 PBL iv. on day 14 and 10,000 U IL-2 ip. twice every
week, whereas control mice received only IL-2. All mice were
analyzed on a weekly basis by m vwo imaging (IVIS, Caliper
Lifesciences) upon intra-peritoneal injection of luciferin. Photon
signals were quantified with Livinglmage software (Caliper
Lifesciences). Mouse body weight was measured weekly, and
animals suffering from wasting (loss of over 20% of initial body
weight) were sacrificed.

Statistical analysis
Statistical significance of differences between subpopulations

was assessed using Student’s t-test and is indicated when significant
as *, p<0.05; ** p<<0.01; *** p<<0.001.

Supporting Information

Figure S1 Exogenous IL-2 expands HMB-PP-activated Vg9+
T-cells and up-regulates their Thl cytokine profile. (A) Absolute
numbers of Vg9+ cells in PBMC cultures stimulated with HMB-
PP (1 nM) or OKT3 (1 ug/ml), supplemented or not with IL-2
(100 U/ml). Cells were analyzed by flow cytometry and light
microscopy (Mossbauer chamber cell counts). (B) Cytokine bead
array (CBA) analysis of supernatants of MACS-sorted gd PBL (of
which 80-90% Vg9+) after 24 hours of stimulation with HMB-PP
or anti-CD3 mAb (OKT3). Represented is the ratio between the
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ABSTRACT

Background

Vy9Vd2 T lymphocytes are regarded as promising mediators of cancer immunotherapy due to
their capacity to eliminate multiple experimental tumors, particularly within those of
hematopoietic origin. However, Vy9V2 T-cell based lymphoma clinical trials have suffered
from the lack of biomarkers that can be used as prognostic of therapeutic success.

Design and Methods

We have conducted a comprehensive study of gene expression in acute lymphoblastic
leukemias and non-Hodgkin’s lymphomas, aimed at identifying markers of susceptibility ver-
sus resistance to VyY9Vo2 T cell-mediated cytotoxicity. We employed cDNA microarrays and
quantitative real-time PCR to screen 20 leukemia and lymphoma cell lines, and 23 primary
hematopoietic tumor samples. These data were analyzed using state-of-the-art bioinformatics,
and gene expression patterns were correlated with susceptibility to Vy9Vo2 T cell mediated
cytolysis in vitro.

Results

We identified a panel of 10 genes encoding cell surface proteins that were statistically differen-
tially expressed between “yd-susceptible” and “yd-resistant” hematopoietic tumors. Within this
panel, 3 genes (ULBP1, TFR2 and IFITM1) were associated with increased susceptibility to
Vy9Va2 T-cell cytotoxicity, whereas the other 7 (CLEC2D, NRP2, SELL, PKD2, KCNK12,
ITGAG6 and SLAMEF1) were enriched in resistant tumors. Furthermore, some of these candidates
displayed a striking variance of expression among primary follicular lymphomas and T-cell
acute lymphoblastic leukemias.

Conclusions

Our results suggest that hematopoietic tumors display a highly variable repertoire of surface
proteins that can impact on Vy9Vo2 cell-mediated immunotargeting. The prognostic value of
the proposed markers can now be evaluated in upcoming Vy9Vo2 T cell-based
lymphoma/leukemia clinical trials.

Key words: biomarkers, Vy9Vd2 T-lymphocytes, hematopoietic tumors, lymphoma cell lines.
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Introduction

yd T lymphocytes display potent innate anti-tumor
activity in both humans' and mice.”® For example, mice
genetically devoid of y8 T cells displayed increased sus-
ceptibility to skin tumor development induced experi-
mentally by carcinogens,*® and to transgenic adenocarci-
noma of the mouse prostate model (TRAMP).* More
importantly, murine yd T cells were shown to prevent
(through perforin-mediated cytotoxicity) the develop-
ment of spontaneous B-cell lymphomas.®

The major yd T-cell subset in human peripheral blood,
Vy9Vd2 T lymphocytes, exert potent cytotoxicity
towards tumor cell lines upon activation with small non-
peptidic prenyl pyrophosphate intermediates of iso-
prenoid biosynthesis.® We and others have shown that,
among such “phosphoantigens”, 4-hydroxy-3-methyl-
but-2-enylpyrophosphate (HMB-PP), a metabolite found
in Eubacteria and Protozoa, is a very potent agonist of the
Vy9Vo2 T-cell receptor (TCR) that promotes cytotoxicity
and the secretion of anti-tumor cytokines such as inter-
feron-y (IEN-y) and tumor necrosis factor o (TNF-a).%”

Phosphoantigen-activated Vy9Vd2 T cells can kill vari-
ous solid tumor cell lines," and a particularly large num-
ber of hematopoietic cell-derived tumors,”” as well as
freshly isolated tumor cells from patients with follicular
B-cell lymphoma or chronic lymphocytic leukemia
(CLL)."

The well-established anti-tumor activity of VyoVd2 T
cells has been recently explored in clinical trials for
solid/epithelial™ or liquid/hematopoietic tumors (14-
16), which were collectively promising even though they
showed limited success. The lack of response to therapy
of some patients was attributed to deficient expansion of
effector Vy9Vo2 T cells.'"**" However, a large proportion
of patients exhibiting significant and sustained in vivo
activation and proliferation of Vy9Vo2 T cells also failed
to respond to treatment. Thus, in both prostate carcino-
ma'' and non-Hodgkin’s lymphoma,' objective respons-
es (partial remissions) were observed in just 33% of the
patients who activated/expanded their VyY9V82 T cells.
These data emphasize the need for tumor biomarkers
with prognostic value for yd peripheral blood lympho-
cyte (y8-PBL)-mediated immunotherapy:.

Here we have conducted a comprehensive genome-
wide expression study aimed at identifying
lymphoma/leukemia markers of susceptibility or resist-
ance to y0-PBL cytotoxicity. We set up an experimental
system consisting of lymphoma/leukemia cell lines with
various degrees of susceptibility to yd-PBL-mediated
lysis, and performed comparative cDNA microarray
analyses to characterize their gene expression profiles.
These were validated through bioinformatics and quan-
titative real-time PCR (RT-qPCR), allowing us to define a
panel of 10 candidate biomarkers whose expression dis-
played very marked variability among non-Hodgkin’s
lymphoma and acute lymphoblastic leukemia patients.

Design and Methods

In vitro cultures of human yd-PBL and tumor cell lines

Peripheral blood was collected from healthy volunteers and
peripheral blood mononuclear cells (PBMCs) were isolated as pre-
viously described.” y8—PBL were expanded from isolated PBMCs

| Adqecomesotat

for 12 days in RPMI 1640 complete media’ supplemented with
100 U/mL of rhIL-2 (Roche Applied Science) and 1 nM HMB-PP
(4-hydroxy-3-methyl-but-2-enylpyrophosphate) (Sup-RPMI). The
percentage of Vy9* T cells in peripheral blood increased from 3-
14% at day 0 to 90-98% at day 12 (Online Supplementary Figure S1).
All tumor cell lines were cultured in complete 10% RPMI-1640 as
previously described.”

Leukemia and lymphoma primary samples

Pediatric B- or T-cell acute lymphoblastic leukemia cells contain-
ing high (> 80%) leukemia involvement were obtained from the
peripheral blood and/or the bone marrow of patients at presenta-
tion after informed consent and institutional review board
approval (Instituto Portugués de Oncologia, Lisbon, Portugal) had
been obtained. Fresh leukemia samples were enriched by density
centrifugation over Ficoll-Paque and then washed twice in 10%
RPMI-1640 medium supplemented with 2 mM L-glutamine (Sup-
RPMI). For lymphoma biopsies, lymph nodes were surgically
removed, immediately frozen in liquid nitrogen and kept at -80°C
until further use (Department of Pathology, Hospital de Santa
Maria, CHLN, Lisbon, Portugal). Upon diagnosis, we selected
lymph nodes from lymphoma cases and reactive lymph nodes for
our studies.

In vitro killing assays

For cytotoxicity assays, tumor cells (cell lines or primary sam-
ples) were stained with DDAO-SE (Molecular Probes, Invitrogen)
and incubated at a ratio of 1:10 with yd T cells in Sup-RPMIL.
Typically, 3x10° HMB-PP-activated yd-PBL (>90% Vy9*) were co-
incubated with 8x10* tumor cells (pre-labeled with 1 WM DDAO-
SE) for 3-4h, then stained with Annexin V-FITC (BD Biosciences)
and analyzed by flow cytometry.

RNA isolation, RT-qPCR and Affymetrix Microarrays

Total RNA from tumor cell lines was extracted using the
RNeasy Mini Kit according to the manufacturer’s instructions
(Qiagen, Hilden, Germany). RNA from leukemia cells and samples
was extracted with TRIzol Reagent (Invitrogen) and purified with
RNeasy Mini Kit according to the manufacturer’s instructions.
Concentration and purity was determined by spectrophotometry
and integrity was confirmed using an Agilent 2100 Bioanalyzer
with an RNA 6000 Nano Assay (Agilent Technologies, Palo Alto,
CA, USA). Total RNA was reverse-transcribed into cDNA as pre-
viously described.” gPCR was performed on Rotor-Gene 6000
(Corbett) using SYBR Green detection system (PE Applied
Biosystems). Glucoronidase beta (GUSB) and proteasome subunit
beta type 6 (PSMBG6) were used as endogenous controls in relative
quantification using the standard curve method. Primers were
designed using the Roche Design Centre (for sequences see Online
Supplementary Table S1).

For genome-wide analyses, RNA from two independent cul-
tures of each cell line (DAUDI, RAJI, RCH-ACV and 697) was
processed for use on Affymetrix (Santa Clara, CA, USA)
GeneChip HuGene 1.0 ST Arrays, according to the manufacturer’s
Whole Transcript Sense Target Labeling Assay.

Microarray data analysis

All the microarray data analysis was performed with R and sev-
eral packages available from CRAN" and Bioconductor.”” The raw
data (CEL files) were normalized and summarized with the
Robust MultiArray Average method from the “affy” package.”
Unsupervised clustering analysis of the gene expression profiles
for entire probe set data was assessed through hierarchical cluster-
ing (Euclidean distance and complete agglomeration method) and
principal component analysis (prcomp function which calls a sin-
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gular value decomposition method for non-symmetric matrices)
as implemented in the statistical computing package.”
Differentially expressed genes for each comparison were selected
using linear models and empirical Bayes methods™ as implement-
ed in the Limma package,” verifying the P values corresponding to
moderated F-statistics, and selecting as differentially expressed
genes those that had adjusted P values adjusted using the
Benjamini and Hochberg method” lower than 0.05.

The enrichment of biological functions and pathways was ana-
lyzed using Ingenuity Pathway Analysis software (Ingenuity
Systems, Mountain View, CA, USA) and all genes present in the
Affymetrix Human Gene 1.0 ST as control.

Results

Highly variable susceptibility of acute leukemias and
non-Hodgkin’s lymphomas to 6-PBL cytotoxicity

In our laboratory we have studied a collection of 23
samples of acute lymphoblastic leukemias and non-
Hodgkin’s lymphomas, and a panel of 20 tumor cell lines
of hematopoietic origin. The latter included acute lym-
phoblastic leukemia (ALL) (JURKAT, MOLT4, RCH-
ACV, 697, CEM, TOM-1, RS4-11, B15, REH, Bv173) and
acute myelogenous leukemia (AML) (HL-60, HEL, THP-
1) cell lines; and non-Hodgkin Burkitt’s (DAUDI, RAJI,
RAMOS), follicular (DOHH2) and lymphoblastic (Oz)
lymphoma cell lines (for detailed description of these cell
lines see Online Supplementary Table S2). Although the
capacity of peripheral blood yd T cells to target multiple
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Vy9Vd2 cell-mediated immunotargeting -

tumor cell lines of hematopoietic origin is well docu-
mented,”” we observed that a substantial fraction of cell
lines (Figure 1A and B) and patient samples (Figure 1A
and data not shown) were strikingly resistant to yd-PBL
(obtained from healthy donors) pre-activated (as illus-
trated by high CDG69 levels) with HMB-PP, the most
potent natural Vy9Vo2 T-cell activator known to date (6,
7) (Online Supplementary Figure S1). For example, the B-
ALL cell lines Bv173, REH and 697 (Figure 1 A and B), and
six primary samples obtained from B-ALL patients
(Figure 1A and data not shown) remained mostly alive
(Annexin V-) in co-cultures with fully-activated (100%
CD69%; data not shown) y8-PBL. Similar data were
obtained with primary T-ALL samples and the cell line
CEM (Figure 1A). This resistance to y0-PBL cytotoxicity
contrasted sharply with the extensive killing observed
for the B-ALL line RCH-ACV and the T-ALL line MOLT-
4 (Figure 1A), among various other hematopoietic
tumors (Figure 1B).

For systematic analysis of our killing assay data, we
considered tumor samples with over 70% lysis as sus-
ceptible to yd-PBL-mediated lysis (“yd-susceptible”), and
those under 30% lysed as “yd-resistant”. Importantly,
susceptibility was independent of the yd-PBL donor, as
the pattern of susceptible/resistant lines was equivalent
for 3 independent healthy donors (Online Supplementary
Figure S2A). Moreover, the differences in susceptibility to
yd T cells were maintained when tumor cell lines were
incubated with yd T cells activated for a shorter time
(12h) (Online Supplementary Figure S2B), further support-
ing the segregation between susceptible and resistant cell
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100
Z 75
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£ 50
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0 |
MOLT-4 JURKAT RAJI REH
0-v0 Figure 1. Differential susceptibility of
o+ leukemia and lymphoma cells to yd-PBL

cytotoxicity. (A) Annexin V staining for apop-
totic tumor cells after 4 h of co-incubation
with HMB-PP-activated yd-PBL. Tumors were
B-ALL (left panels) or T-ALL (right panels)
cells, either primary samples or the indicat-
ed cell lines. (B) Summary of killing assays
(as in A) with 20 leukemia or lymphoma cell
lines (described in Online Supplementary
Table S2). Error bars correspond to triplicate
assays. (C) Effect of increasing concentra-
tions of H:0: on leukemia/lymphoma cell
apoptosis (% Annexin V*).
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lines. As primary samples to reproduce and expand
experiments aimed at dissecting the molecular mecha-
nisms of tumor susceptibility to y8-PBL cytotoxicity are
difficult to obtain, we focused on our well-established
panel of cell lines for the initial candidate searches and
later extended our findings to patient samples.

We first considered that tumor resistance to y8-PBL
cytotoxicity could stem from intrinsic anti-apoptotic
mechanisms developed by some leukemia/lymphoma
cell lines. However, when we tested the effect of a pro-
apoptotic stimulus (H20:2) we observed no association
between resistance to apoptosis and to y0-PBL cytotoxi-
city. Namely, the cell lines Jurkat (yd-susceptible) and
REH (yd-resistant) were more sensitive to non-saturating
concentrations of H20: than the cell lines MOLT-4 (8-
susceptible) and RAJI (yd-resistant) (Figure 1C). This sug-
gests that susceptibility to y0-PBL cytotoxicity is not
related to the response to other death stimuli and proba-
bly involves a specific protein expression program
(involved in tumor/yd-PBL interactions) that we set out
to characterize.

Genome-wide comparisons between yd-susceptible and
vd-resistant hematopoietic tumors

The observed differences in susceptibility yd-PBL cyto-
toxicity among hematopoietic tumors emphasize the
importance of defining gene signatures that may predict
the effectiveness of yd T-cell based immunotherapies in
the clinic. We performed a genome-wide analysis aimed
at comparing the mRNA expression profiles of yd-sus-
ceptible and yd-resistant tumors. We employed cDNA
microarrays to examine two pairs of hematopoietic
tumor cell lines sharing the same cytogenetic alterations
and cellular phenotypes (Online Supplementary Table S2):
the Burkitt’s lymphomas DAUDI (susceptible) and RAJI
(resistant), and the B-ALL lines RCH-ACV (susceptible)
and 697 (resistant).

First, samples were grouped according to the similarity
of gene expression patterns using unsupervised cluster-
ing analysis (no group specification a priori). Based on the
entire probe set data, two main groups could be defined
which corresponded to the original cell type (Figure 2A):
pre-B (697 and RCH-ACV) and mature B cells (DAUDI
and RAJI). We next applied principal component analysis
(PCA), which identifies new variables, to the principal
components, which are linear combinations of the origi-
nal variables (gene expression levels) and represent the
largest variation found between samples.”® Although the
original cell type was the major source of variation
between all samples (53.3% of total variation), PCA
showed that component 3 was responsible for the segre-
gation (16.4% of total variation) according to the suscep-
tibility to yd-PBL cytotoxicity (Figure 2B): susceptible
(DAUDI and RCH-ACYV) versus resistant (RAJI and 697).

To identify gene expression variations associated with
susceptibility to y8-PBL cytotoxicity, and to suppress the
variations due to the transformed cell type (pre-B or
mature B cells), we first compared tumors with identical
origin, i.e. DAUDI versus RAJI, and RCH-ACV versus 697
(Online Supplementary Tables S3 and S4). We then used
Bayesian linear models® and selected the common genes
between both analyses: 340 genes (155 up- and 185
down-regulated in yd-susceptible tumors) presented sim-
ilar gene expression variations and were considered for
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further analysis (Online Supplementary Table S5).
Bioinformatics analysis revealed an enrichment for func-
tions related to cell-to-cell signaling and interaction,
hematologic system development and function, immune
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Figure 2. Comparison of gene expression in tumor cell lines suscep-
tible or resistant to yd-PBL cytotoxicity. Bioinformatics analyses of
cDNA microarray comparisons between the Burkitt's lymphomas
DAUDI and RAJI; and the B-ALL lines RCH-ACV and 697. (A)
Unsupervised hierarchical clustering analysis. Samples with similar
gene expression patterns are grouped together and connected with
branches, producing a clustering tree (or dendrogram) on which the
branch length inversely reflects the degree of similarity between
samples. (B) Principal Component Analysis. The samples are plot-
ted according to the first and third principal components (corre-
sponding to the largest variation found between samples). (C)
Variations in expression levels of anti- or pro-apoptotic genes in sus-
ceptible versus resistant tumor cell lines. Dashed lines indicate 2
fold-changes (in logarithmic scale) in the expression ratio suscepti-
ble/resistant.
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cell trafficking (P value < 0.05; Online Supplementary Table
S6). Some of the top pathways affected were interferon
signaling, crosstalk between dendritic cells and natural
killer cells, and molecular mechanisms of cancer (P value
< 0.05; Online Supplementary Table S7).

The gene expression variations observed also suggest-
ed that, consistent with our previous experimental data
(Figure 1C), the segregation between susceptible and
resistant tumors is not associated with expression of
anti- or pro-apoptotic genes (Figure 2C and Online
Supplementary Table S8). Thus, up-/down-regulation of
pro-/anti-apoptotic genes did not correlate with suscep-
tibility to y8-PBL cytotoxicity. Moreover, apoptotic relat-
ed functions and pathways were not enriched in the
panel of 340 genes (Online Supplementary Table S7). Based
on these results, we favored the hypothesis that suscep-
tibility or resistance to y8-PBL cytotoxicity is conferred
by signals presented at the tumor/yd-PBL interface, i.e.
on the surface of leukemia/lymphoma cells.

A set of cell surface proteins segregates between
vO-susceptible and yd-resistant leukemia/lymphoma
cell lines

T cells recognize their targets through cell surface anti-
gens. We, therefore, focused our analysis of the panel of
340 genes on those encoding plasma membrane proteins
(with extracellular domains), using a fold change thresh-
old of 2 (log FC >1). These consisted of 8 genes up-regu-
lated and 19 genes down-regulated in y8-susceptible
tumors when compared to resistant tumors (Online
Supplementary Table S9). The mRNA expression levels of
the 27 candidates were assessed by RT-qPCR (in inde-
pendent samples) to validate the microarray results.
Upon statistical analysis of the data, 22 out of the 27
genes were confirmed as differentially expressed in the
two pairs of cell lines used for microarray comparisons:
of these, 6 genes were up-regulated and 16 genes were
down-regulated in yd-susceptible tumors (Figure 3A). In
order to have more stringent selection criteria, we
extended our expression studies to a broader panel of cell
lines, including 6 susceptible and 4 resistant cell lines
(Online Supplementary Figure S3). This showed 10 genes
with significant expression variation between suscepti-
ble and resistant tumors (P value < 0.05, Mann-Whitney
test) (Figure 3B). Thus, our final panel of candidate mark-
ers of susceptibility to yd-PBL cytotoxicity consisted of 3
genes enriched in yd-suceptible tumors (ULBP1, TFR2
and [FITM1), and 7 genes enriched in yd-resistant
leukemias/lymphomas (CLEC2D, NRP2, SELL, PKD2,
KCNK12, ITGA6 and SLANF1) (Table 1).

Heterogeneity of expression of candidate markers in
primary leukemia and lymphoma samples

We next determined the expression levels of each candi-
date marker in primary samples obtained from T-cell acute
lymphoblastic leukemia (T-ALL) and non-Hodgkin’s lym-
phoma (NHL) patients. Within the latter group, we sam-
pled patients with common indolent (follicular) or aggres-
sive (diffuse large B-cell - DLBCL) lymphomas. Gene
expression levels in samples were compared with healthy
PBMCs (for ALL) and reactive follicles (for NHL), taken as
references (0 on log scale) in Figure 4A and B. Hence, a
positive or negative (log scale) variation indicates higher or
lower expression in tumors than in the control samples,
respectively. Overall, the tumors exhibited very variable

Vy9Vd2 cell-mediated immunotargeting -

gene expression profiles. For example, among susceptibil-
ity-associated genes, ULBP1 was over-expressed in a large
number of primary samples, while TFR2 was only
enriched in three FL samples (FL 1, FL 2 and FL 8), and
IFITM1 was strongly depleted in various tumors (Figure
4A and B). On the other hand, all resistance-associated
genes were over-expressed in FL sample 3, in contrast to
the majority of primary samples analyzed. Moreover,
there was no essential difference in some markers, such as
ITGAG or SELL, between the various patients (Figure 4A
and B). Collectively, these data revealed a striking hetero-
geneity in the expression of particular candidate genes in
primary tumors. When compared to our results with
tumor cell lines (Online Supplementary Figure S3), these clin-
ical data possibly reflect distinct selective pressures on the
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Figure 3. Variations in expression of genes encoding cell surface
proteins that segregate between yd-susceptible and yd-resistant
leukemia/lymphoma cell lines. (A) RT-qPCR validation of microarray
results for the comparisons of Figure 2. The mRNA expression lev-
els were normalized to GUSB and PSMB®6 for each cell line. Plotted
are the averages of relative expression levels in DAUDI versus RAJI
(DAUDI/ RAJI) and RCH-ACV versus 697 (RCH-ACV/ 697). Dashed
lines indicate 2 fold-change values (in logarithmic scale). (B)
Statistical analysis of RT-qPCR results (detailed in Figure 4) in 6 sus-
ceptible and 4 resistant cell lines. Statistical significance was
assessed by Mann-Whitney test (-log P value). Dashed line repre-
sents the statistical threshold P=0.01.
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Table 1. Panel of cell surface proteins associated with the susceptibility or resistance of lymphomas/leukemias to yd T-cell cytotoxicity. The sta-
tistical difference between the average gene expression in the 6 susceptible versus the 4 resistant tumors of Figure 4 was assessed by Mann-

Whitney test (P<0.05).

Symbol Description Biological function P value

Enriched in yd-susceptible tumors

ULBP1 UL16 binding protein Ligand for NKG2D on NK and T cells; 0
induces cytotoxicity, cytokine secretion

IFITM1 Interferon-induced transmembrane protein 1 Involved in cell proliferation and malignancy 0

(CD225)

TFR2 Transferrin receptor 2 Cellular uptake of transferrin-bound iron 0.004

Enriched in yd-resistant tumors

CLEC2D C-type lectin 2, D Ligand for the NK inhibitory receptor CD161 0.002

SELL Selectin L Adhesion of T cells to endothelial cells 0.001

SLAMF1 Signaling lymphocytic activation molecule 1 Bidirectional T cell to B cell stimulation 0

KCNK12 Potassium channel K, 12 Potassium channel 0

ITGA6 Integrin alpha 6 Integrin; receptor for laminin 0.014

PKD2 Polycystic kidney disease 2 Calcium channel 0.017

NRP2 Neuropilin 2 Co-receptor for VEGF; implicated in tumor 0.018

growth and vascularization

expression of the genes that compose the candidate panel,
the consequence of which should now be evaluated in
clinical trials.

Discussion

The success of immunotherapy to tackle tumors, in
particular those that prevail after chemo- or radiothera-
py, critically depends on two factors: the specific activa-
tion of effector anti-tumor lymphocytes and the molecu-
lar recognition of tumor cells by activated lymphocytes.
Concerning yd T cells, research over the last 15 years has
identified very potent and specific phosphoantigens,
most notably HMB-PP” that seem to fulfill the first
requirement. There have been suggestions that phospho-
antigens themselves,***” or an F1-ATPase-related struc-
ture complexed with delipidated apolipoprotein A-1, or
the non-classical MHC protein ULBP4” could be respon-
sible for tumor cell recognition by Vy9Vd2 PBL.
However, despite this, the issue is still highly controver-
sial. This naturally impacts on our ability to design effec-
tive therapeutic protocols based on yd-PBL immunotar-
geting of tumors. Thus, only 33% of patients with
prostate carcinoma'’ or non-Hodgkin’s lymphoma
showed objective responses despite large activation and
expansion of their VY9V2 T cells in vivo. These consider-
ations stress the importance of identifying tumor molec-
ular signatures that may predict the response to activat-
ed yd-PBL.

In this study, we set out to identify cell surface proteins
involved in interactions between leukemia/lymphoma
cells and yd-PBL. Taking in vitro tumor cytolysis as func-
tional readout, we screened a panel of 20 leukemia and
lymphoma cell lines that faithfully reproduced the sus-
ceptibility/resistance of primary tumors (Figure 1A). The
use of cell lines permitted experimental reproducibility
and hence statistical robustness for the gene expression
undertaken. Upon the identification of candidate mark-
ers, we analyzed their expression in 23 samples derived
from T-ALL and NHL (FL and DLBCL) patients.

The choice of ¢cDNA microarrays as screening tools

was based on a multiplicity of previous studies that
demonstrated how powerful and reliable they are in
defining cancer molecular signatures.” Our analyses led
to the identification of a large panel of genes differential-
ly expressed between “yd-susceptible” and “yd-resistant”
tumors. Importantly, we verified that there was no cor-
relation between intrinsic anti-apoptotic properties and
resistance to y8-PBL cytotoxicity, both in terms of gene
expression and response to a death stimulus. Thus, sus-
ceptibility or resistance to yd-mediated lysis is more like-
ly to be related to tumor recognition and immune eva-
sion strategies, the molecular basis of which remains to
be clarified. Of note, MHC class la expression did not
consistently segregate between yd-susceptible and yd-
resistant tumor cell lines (Online Supplementary Figure S4).
For example, among susceptible lines, DAUDI and
MOLT-4 expressed very low or undetectable levels,
whereas JURKAT and RCH-ACV displayed high levels of
surface MHC class 1 (Online Supplementary Figure S4).
These data exclude a mechanism of “missing self” as the
basis for yd T-cell recognition of hematopoietic tumors.
Building upon stringent biological and statistical selec-
tion criteria, we narrowed our microarray data down to
10 genes encoding cell surface proteins (with extracellu-
lar domains), whose expression segregated with suscep-
tibility versus resistance to yd-PBL cytotoxicity. We
believe it is important to make this gene profile available
to the biomedical community. Thus, we propose the
expression of each candidate gene to be evaluated during
upcoming yd T-cell based clinical trials. The genes with
highest predictive wvalue will constitute novel
leukemia/lymphoma biomarkers, for which standard-
ized quantification essays should be developed. This will
provide clinicians with a key tool for the indication and
monitoring of yd T-cell based immunotherapies.
Furthermore, within the panel of 10 candidate mark-
ers, some are likely to play non-redundant roles in
leukemia/lymphoma cell recognition by y8-PBL. Thus,
proteins that are enriched in yd-susceptible tumors may
provide activation signals, whereas markers of resistance
may convey inhibitory signals to y3-PBL. Provocatively, 7
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of the candidates are known to intervene in immune
responses: 4 of them (ULBP1, IFITM1, CLEC2D and
SLAMF1) provide stimulatory (or inhibitory) signals
through receptors expressed on lymphocytes, while 3
(NRP2, SELL and ITGAG) control lymphocyte adhesion.
ULBP1 is a ligand for the NKG2D receptor expressed on
all cytotoxic lymphocyte lineages, including 100% of
Vy9Vo2 T cells, which has been clearly implicated in
anti-tumor responses.”* [FITM1 was shown to modu-
late NK cell responses and its expression correlated with
improved survival of gastric cancer patients.® By con-
trast, the expression of CLEC2D, a ligand for the
inhibitory receptor CD161, inhibits NK cell responses
and was associated with increased malignancy grade of
glioblastoma.’® NRP2 is another protein that can favor
cancer progression by acting as a coreceptor for vascular
endothelial growth factor (VEGF) and stimulating tumor
growth (35). We will now proceed with individual
knock-down (RNA interference) experiments in a func-
tional (tumor killing) bioassay to dissect the role of each
of the candidates in y8-PBL targeting of leukemias and
lymphomas. Given that some of these molecules can also
provide costimulatory or inhibitory signals to NK cells,
we also plan to address their role in NK cell targeting of
hematopoietic malignancies.

In summary, this report establishes a panel of 10 puta-

tive markers of leukemia/lymphoma susceptibility to yd-
PBL cytotoxicity. The expression data collected from pri-
mary samples showed a striking heterogeneity for partic-
ular candidate genes, most notably ULBP1, whereas
other genes, such as I[FITM1, ITGAé or SELL, essentially
did not vary among patients. It is, therefore, predictable
that different components of the proposed panel will
behave in very distinct ways when associated to thera-
peutic outcome in clinical trials. It will also be interesting
to evaluate to what extent immunoselection may have
conditioned the expression of these markers in tumors
evolving in a dynamic interaction with v T lympho-
cytes. This will significantly add to our understanding of
anti-tumor immunity and to our capacity to modulate it
for cancer immunotherapy.
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Differentiation of human peripheral blood V31™ T cells expressing the natural
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The success of cancer immunotherapy
depends on productive tumor cell recog-
nition by killer lymphocytes. v& T cells
are a population of innate-like lympho-
cytes endowed with strong, MHC-
unrestricted cytotoxicity against tumor
cells. This notwithstanding, we recently
showed that a large proportion of human
hematologic tumors is resistant to yd
peripheral blood lymphocytes (PBLs) ac-
tivated with specific agonists to the highly
prevalent Vy9V52 TCR. Although this
probably constitutes an important limita-

tion to current yd T cell-mediated immu-
notherapy strategies, we describe here
the differentiation of a novel subset of
V52~ Vé1+ PBLs expressing natural cyto-
toxicity receptors (NCRs) that directly me-
diate killing of leukemia cell lines and
chronic lymphocytic leukemia patient neo-
plastic cells. We show that Vo1* T cells
can be selectively induced to express
NKp30, NKp44 and NKp46, through a pro-
cess that requires functional phosphati-
dylinositol 3-kinase (PI-3K)/AKT signal-
ing on stimulation with v, cytokines and

TCR agonists. The stable expression of
NCRs is associated with high levels of
granzyme B and enhanced cytotoxicity
against lymphoid leukemia cells. Specific
gain-of-function and loss-of-function ex-
periments demonstrated that NKp30
makes the most important contribution
to TCR-independent leukemia cell recog-
nition. Thus, NKp30+ V51+ T cells consti-
tute a novel, inducible and specialized
killer lymphocyte population with high
potential for immunotherapy of human
cancer. (Blood. 2011;118(4):992-1001)

Introduction

Tumors develop in hosts endowed with a highly complex immune
system that includes various lymphocyte subsets capable of
recognizing and destroying transformed cells. It is now widely
accepted that, although lymphocytes may constantly patrol tumor
formation, cancer cells develop molecular strategies to evade
immune surveillance, which are competitively selected under the
pressure of the host immune system.! This dynamic process,
termed “cancer immunoediting,” is thought to constitute a major
obstacle to cancer immunotherapy.'

Among multiple immune evasion mechanisms, we have re-
cently shown that leukemia and lymphoma primary cells often
down-regulate the nonclassical MHC protein, ULBP1, which is
critical for recognition of hematologic tumors by yd T cells
expressing the counter-receptor NKG2D.2 y3 T cells are innate-like
lymphocytes that account for 1%-10% of peripheral blood lympho-
cytes (PBL) of healthy people and are capable of targeting a
significant fraction of hematologic tumor cell lines tested in the
laboratory.> However, we have demonstrated that many lymphoid
leukemia cells are resistant to fully activated Vy9V32 T cells,>? the
dominant subset of y8 PBLs. Furthermore, clinical trials involving
the in vivo administration of activators of Vy9V82 T cells have
shown limited success, with objective responses restricted to
10%-33% of patients with either hematologic or solid tumors.*¢
Even more modest has been the outcome of trials involving the
adoptive transfer of activated and expanded V327 cells, because no
objective responses have been reported.® In fact, the simple ex vivo

expansion of autologous Vd2* T cells, whose surveillance the
tumor managed to escape in vivo, may be condemned to little
therapeutic effect on reinjection into the patient. Therefore, we
believe it is critical to invest in strategies that endow yd T cells with
additional recognition machinery to detect tumors that have
resisted the natural components present in vivo.

Besides Vy9Va2 T cells, V81* T cells are also endowed with
potent antitumor cytolytic function, particularly as tissue-
associated or tumor-infiltrating lymphocytes.”'® Moreover, V31"
T cells can constitute up to 30% of all yd& PBLs and may thus
represent an important alternative population for adoptive cell
therapy. However, this possibility remains poorly explored.

In this study we identified and characterized a novel V81" PBL
subset capable of targeting hematologic tumors highly resistant to
fully activated Vy9V82 PBLs. We show that this V31" population
owes its specialized killer function to induced expression of natural
cytotoxicity receptors (NCRs), which have been mostly regarded as
NK-specific markers. Instead, we show that, although neither V&1+
nor V2" cells express NCRs constitutively, these can be selec-
tively up-regulated in V31* cells by AKT-dependent signals
provided synergistically by vy. cytokines (IL-2 or IL-15) and TCR
stimulation. We further show that NKp30 and NKp44 are both
functional in NCR* V381" PBLs, and synergistically contribute to
enhanced targeting of lymphocytic leukemia cells, with NKp30
playing the major role in this process. Thus, NKp30*™ V1" PBL
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constitute a novel promising population for adoptive cell immuno-
therapy of hematologic malignancies.

Methods

Ethics statement

Research involving clinical samples was conducted according to the principles
expressed in the Helsinki Declaration. All procedures were approved by the
review board of Instituto Portugués de Oncologia de Lisboa (Portugal).

Isolation of human peripheral blood v3 T cells

Peripheral blood was collected from anonymous healthy volunteers, diluted
in a I:1 ratio (volume-to-volume) with PBS (Invitrogen Gibco), and
centrifuged in Ficol-Paque (Histopaque-1077; Sigma-Aldrich) in a volume
ratio of 1:3 (1 part ficol to 3 parts diluted blood) for 30 minutes at 1 500 rpm
and 25°C. The interfase containing mononuclear cells was collected and
washed (in PBS), and vd T cells were isolated (to above 95% purity) by
magnetic cell sorting via positive selection (with a FITC-labeled anti-
TCRvy3 antibody) or via negative selection (with a cocktail of Biotin-
labeled antibodies; Miltenyi Biotec). When noted, V317 cells were further
purified by magnetic cell sorting via positive selection with a FITC-labeled
anti-V81 TCR antibody (Fisher Scientific) and anti-FITC microbeads
(Miltenyi Biotec).

Cell culture

Isolated y& PBLs were cultured at 10° cells/mL at 37°C, 5% CO? in
round-bottom 96 well plates with RPMI 1640 and 2 mM I-glutamine
(Invitrogen Gibco) supplemented with 10% FBS (Invitrogen Gibco), 1 mM
sodium pyruvate (Invitrogen Gibco), and 50 mg/mL of penicillin and
streptomycin (Invitrogen Gibco). The cells were expanded in the presence
of 100 U/mL of rhIL-2 (Roche Applied Science), with or without 10 nM of
HMB-PP (4-hydroxy-3-methyl-but-2-enyl pyrophosphate; Echelon Biosci-
ences) and 1pg/mL of phytohemagglutinin (PHA; Sigma-Aldrich). Cells
were washed and the culture medium was replaced every 5-6 days. To study
the induction of NKp30 expression, yd PBLs were cultured in the presence
or absence of 100 U/mL of rhIL-2 (Roche Applied Science), 1uwg/mL of
soluble anti-CD3 antibody (eBioscience; clone OKT3), and 20ng/mL of
rhIL-15 (Biolegend). For TCR blockade, freshly isolated y& PBL were
CFSE-labeled and then incubated for 7 days with anti-TCR+y8 (Beckman
Coulter; clone IMMUS510) diluted 1:20 in complete medium supplemented
with 1pg/mL PHA and 100 U/mL rhIL-2. To study the effects of chemical
inhibitors of signal transduction, the MEK inhibitor UO126 and the PI-3K
inhibitor LY294002 (both from Calbiochem) were added at 10 mM for a
2-hour incubation period and then maintained in culture with 100 U/mL
rhIL-2 and 1pwg/mL PHA for 7 days.

Flow cytometric cell sorting

For sorting of y8 PBL based on the expression of NKp30 and V&1* TCR,
cells from PHA and IL-2—activated cultures were stained with anti-NKp30
(Biolegend; clone P30-15), anti-Vd1 (Thermo Fisher Scientific; clone
TS8.2), and sorted on a FACS Aria cell sorter (BD Biosciences).

Leukemia patient samples

B-cell chronic lymphocytic leukemia cells were obtained from the periph-
eral blood of patients at presentation, after informed consent and institu-
tional review board approval (Instituto Portugués de Oncologia de Lisboa,
Portugal). Samples were enriched by density centrifugation over Ficol-
Paque and then washed twice in 10% RPMI 1640.

In vitro tumor-killing assays

All tumor cell lines (details provided in supplemental Table 1, available on
the Blood Web site; see the Supplemental Materials link at the top of the
online article) were cultured in complete 10% RPMI 1640, maintained at
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103 up to 10° cells/mL by dilution and splitting in a 1:3 ratio every 3-4 days.
For cytotoxicity assays, magnetically purified yd PBL were preactivated for
7-19 days in the presence of IL-2 (100 U/mL) and either 1jg/mL PHA or 10
nM HMB-PP. For receptor blocking, y& PBLs were incubated for 2 hours
with the blocking antibodies anti-NKp30 (clone F252), anti-NKp44 (clone
KS38), anti-NKp46 (clone KL247), anti-TCRyd (Beckman Coulter, clones
IMMUS510 or B1.1), or anti-Vd1 TCR (Fisher Scientific, clones TCS1 or
TS8.2). The blocking antibodies were maintained in the culture medium
during the killing assays. Tumor cell lines or leukemia primary samples
were stained with CellTrace Far Red DDAO-SE (1 wM; Molecular Probes,
Invitrogen) and each batch of 3 X 10* tumor cells was incubated with
1.5 X 10°t0 3 X 10° y3 T cells in RPMI for 3 hours at 37°C and 5% CO? on
a round-bottom plate with 96 wells. Cells were then stained with annexin
V-FITC (BD Biosciences) and analyzed by flow cytometry. For the
redirected killing assays, PHA and IL-2-activated yd PBL were incubated
for 4 hours with the NCR agonists anti-NKp30 (clone AZ20), anti-Nkp44
(clone Z231) or anti-NKp46 (clone Bab281) during a standard >!Cr release
assay.

Flow cytometry analysis

Cells were labeled with the following fluorescent monoclonal antibodies:
anti-CD3-PerCP-Cy5.5 (eBioscience; clone OKT3); anti-TCRy3-FITC
(eBioscience; clone B1.1); anti-CD69-PE (BD Pharmingen; clone FN50);
anti-NKG2D-PE/Cy7 (Biolegend; clone 1D11); anti-2B4-APC (Bioleg-
end, clone C1.7); anti-DNAM-1-Alexa-Fluor647 (Biolegend; clone DX11);
anti-NKp30-APC (Biolegend; clone P30-15); anti-V32 TCR-PE (Bioleg-
end; clone B6); anti-NKp44—APC (Biolegend; clone P44-8); anti-NKp46—
AlexaFluor647 (Biolegend; clone 9E2); anti-V81 TCR-FITC (Thermo
Fisher Scientific; clone TS8.2); anti-NKp30-PE (Biolegend; clone P30-15);
anti-Mouse IgG1k-APC Isotype Ctrl (Biolegend; clone MOPC-21); anti—
Mouse IgG1k-PE Isotype Ctrl (Biolegend, clone MOPC-21); anti-CD27—
APC/Cy7 (Biolegend, clone O323); and anti-CD56-APC (Biolegend, clone
HCD56). Cell proliferation was measured by following a standard CFSE
staining protocol (CellTrace CFSE Cell Proliferation Kit, Invitrogen; final
concentration 0.5 mM), while apoptosis was assessed by annexin V-FITC
(BD Pharmingen) staining. Cells were analyzed on a FACSCanto flow
cytometer (BD Biosciences).

RNA isolation and cDNA production

Total RNA was extracted using the RNeasy Mini Kit according to the
manufacturer’s protocol (QIAGEN). Concentration and purity was deter-
mined by spectrophotometry and integrity was confirmed using an Agilent
2100 Bioanalyzer with a RNA 6000 Nano Assay (Agilent Technologies).
Total RNA was reverse-transcribed into cDNA using random hexamers and
Superscript II first strand synthesis reagents (Invitrogen).

Real-time quantitative PCR

Real-time quantitative PCR (qPCR) was performed on ABI Prism 7500
FAST Sequence Detection System using SYBR Green detection system
(both from Applied Biosystems). Primers were designed using Primer3
v.0.4.0 online program (http://primer3.sourceforge.net). For each transcript,
quantification was done using the calibration curve method. [3,-microglobulin
(B2M), Glucoronidase 3 (GUSB) and proteasome subunit 3 type 6
(PSMBG6) were used as housekeeping controls for normalization of gene
expression. The following primers were used: B2M, forward CTAT CCAG
CGTA CTCC AAAG ATTC, reverse CTTG CTGA AAGA CAAG TCTG
AATG; PSMB6, forward GGCG GCTA CCTT ACTA GCTG, reverse
AAAC TGCA CGGC CATG ATA; GUSB, forward TGCA GCGG TGTA
CTTC TG, reverse CCTT GACA GAGA TCTG GTAA TCA; B7H6,
forward TCAC CAAG AGGC ATTC CGAC CT, reverse ACCA CCTC
ACAT CGGT ACTC TC; NKP44, forward CCGT CAGA TTCT ATCT
GGTG GT, reverse CACA CAGC TCTG GGTC TGG; NKP46, forward
AAGA CCCC ACCT TTCC TGA, reverse TGCT GGCT CGCT CTCT
AGT; GZMB, forward GGGG GACC CAGA GATT AAAA, reverse CCAT
TGTT TCGT CCAT AGGA G. All samples were run in triplicate and
repeated 3 times. Analysis of the qPCR results was performed using the ABI
SDS vl1.1 sequence analysis software (Applied Biosystems).
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Figure 1. Enhanced antileukemia cytotoxicity of v PBL cultures activated with pan—T-cell mitogen. (A) v3 peripheral blood lymphocytes (yd PBLs) were MACS-sorted
from the peripheral blood of healthy volunteers (left panel), and stimulated with either HMB-PP and IL-2 or PHA and IL-2 for 4 to 19 days. Activation was evaluated by flow
cytometry for CD69 up-regulation (middle panels; levels in freshly isolated control cells are shaded), and total cell numbers are shown on the right panel. (B-C) Preactivated (for
14 days, as in panel A) y3 PBLs were coincubated with DDAOse-labeled leukemia cells for 3 hours. Tumor cell lysis was evaluated by annexin-V staining using flow cytometry.
(B) Representative results of 6 different donors for the Bv173 leukemia cell line. Percentages refer to annexin-V+ tumor cells. Basal tumor cell apoptosis (in the absence of y3
PBL) was < 5%. (C) Summary of the results of 6 different donors with 4 leukemia target cell lines. Error bars represent SD (n = 6, *P < .05; **P < .01). (D) Real-time PCR

quantification of GzmB mRNA levels in freshly isolated, HMB-PP and IL-2—activated
3 independent experiments with similar results.

Statistical analysis.

Differences between subpopulations were assessed using the
Student ¢ test and are indicated when significant as *P < .05;
#tP < .01; and ***P < .001 in the figures.

Results

Enhanced cytotoxicity of y6 PBL cultures activated with
pan-T-cell mitogen

We compared the antitumor killing capacity of v PBL cultures
(always maintained in the presence of 1L-2) activated either with

and PHA and IL-2—activated v8 PBL. Data in this figure are representative of 2 to

PHA, a plant lectin that acts as a potent T-cell mitogen,'! or the
specific Vy9V32 TCR agonist HMB-PP.!>!13 Although both regi-
mens were similarly efficient at activating yd PBLs, as evaluated
by CD69 up-regulation and cell proliferation (Figure 1A), we noted
that samples activated with PHA were consistently better killers of
hematopoietic tumor cell lines than samples (of the same donor
origin) stimulated with HMB-PP (Figure 1B-C). This was valid
across all donors tested (Figure 1B, supplemental Table 2, and data
not shown) and was associated with higher expression of GZMB
(Figure 1D), a key component of the lymphocyte cytolytic
machinery. Of note, freshly isolated yd PBLs, which lack GZMB
expression (Figure 1D), displayed very poor antileukemia cytotox-
icity (< 10% killing; not shown), as previously reported.!?
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Figure 2. Induction of natural cytotoxicity receptor
expression in v PBLs activated with pan-T-cell A W Ave-PRLe B HMB-PP/ IL-2 PHA/ IL-2
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Percentages refer to NKp30+* v& PBLs. Isotype control 0
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The superior cytotoxic function of PHA-stimulated y8 PBL
cultures was a surprising finding, because we and others have
shown that HMB-PP is a very potent activator of the highly
dominant Vy9V32 PBL subset.!*> We were particularly interested
that, compared with HMB-PP-activated yd PBL, PHA-stimulated
cultures displayed improved cytotoxicity against various resistant
leukemia cell lines, such as Bv-173, REH or HPB-ALL (Figure
1B-C), which we had shown to lack expression of the critical
NKG2D ligand ULBP1.23 Of note, PHA-stimulated yd T cells did
not target normal (healthy) PBMC (supplemental Figure 1). These
data demonstrate that the pan—T-cell mitogen PHA is capable of
increasing the cytolytic potential of medium-term (1-3 weeks) yd
PBL cultures against leukemia cells, which could be of great value
for adoptive cell immunotherapy.

Induction of NCR expression on vy PBLs activated with
pan-T-cell mitogen

We next investigated the mechanism(s) underlying the enhanced
cytotoxicity of PHA-activated yd PBL cultures. We considered that
this could be explained by differential expression of receptors such
as NKG2D,>'*15> DNAM-1,'617 or 2B4,'8 all previously shown to
participate in tumor cell recognition by killer lymphocytes. How-
ever, none of these candidates was differentially expressed between
PHA-activated and HMB-PP-activated yd PBL cultures (Figure
2A). By contrast, and unexpectedly, the natural cytotoxicity
receptor NKp30, an important trigger of NK cell cytotoxicity,'? was
specifically found on PHA-stimulated yd PBLs (Figure 2B;
supplemental Figure 2A-B). Furthermore, the other NCR family
members, NKp44 and NKp46, were also selectively expressed in
these samples (Figure 2C-D; see next paragraph).

The proportion of NKp30™ cells increased steadily with culture
time (Figure 2E), suggesting an association of NKp30 induction
with cell proliferation. Although unlikely because of the very low
background in fresh samples (Figure 2E), it was possible that a
minute subset constitutively expressing NKp30 could be preferen-
tially expanded in PHA-stimulated yd PBL cultures. However,
experiments with highly (> 99%) FACS-purified NKp30~cells
demonstrated that NKp30~ cells were able to acquire NKp30
expression as efficiently as unsorted cells on PHA and IL-2
stimulation (supplemental Figure 3). Moreover, under such condi-
tions, NKp30~ and NKp30* cells proliferated to similar extent (not
shown), further arguing against preferential expansion of NKp30+
cells under such conditions. These results suggest that NKp30
expression is induced de novo on yd PBL activation by PHA and
IL-2 treatment, which is coupled to cell proliferation.

NCRs are selectively expressed by proliferating Vo1+* T cells

Considering that HMB-PP had been shown to be an optimal agonist
of Vy9V32 cells,'>1® we hypothesized that our findings derived
from PHA-mediated activation of a distinct yd PBL subset.
Consistent with this, we observed that, by contrast with HMB-PP,
treatment with PHA preferentially expanded V62~ cells among yd
PBL (Figure 3A). We verified that this was not because of
differences in V82* cell apoptosis in the 2 experimental conditions
(supplemental Figure 2C). The most likely V82~ population to
expand so markedly (Figure 3A) were V317 cells, because other
subsets are very rare in the peripheral blood of healthy adults.?
When V81 versus V32 TCR usage was assessed, a dramatic V31+
cell enrichment was found in PHA-activated cultures (> 80% of all
vd T cells after 19 days; Figure 3B; supplemental Figure 4).
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Figure 3. Natural cytotoxicity receptors are selec-
tively expressed on proliferating V81+ T cells. (A) vd
PBLs were labeled with CFSE and cultured as described
in Figure 1, or in the absence of T cell mitogens (ie, IL-2
alone). Flow cytometry analysis of CFSE dilution and V32
TCR expression after 7 days in culture. (B) Percentage of
V31+* or Vd2* cells among total v& PBLs cultured up to
19 days with PHA and IL-2. Error bars represent SD
(n = 3). (C) NKp30 expression in PHA and IL-2—activated
vd PBL subsets. V31* or V32" cells were FACS-sorted
from peripheral blood, labeled with CFSE and cultured

V&2 TCR

with PHA and IL-2 for 7 days. Percentages refer to
NKp30* cells within each cell division (according to
CFSE levels and indicated by vertical rectangles). (D) Ex-
pression of NKp30, NKp44 and NKp46 in V31* T cells
after 19 days of PHA and IL-2 stimulation. Isotype mAb
control stainings are also shown. Data in this figure are

representative of 2-3 independent experiments with simi-
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Conversely, and as described,!> HMB-PP-activated cultures were
progressively dominated by V82" cells (Figure 3A; supplemental
Figure 4).

The induction of NKp30 expression was examined in parallel
cultures of isolated V81" or V82 cells, which were stimulated
with PHA and IL-2. Although neither freshly isolated V31" nor
Va2 cells expressed NKp30 (supplemental Figure 2B), this NCR
was strongly induced (on PHA and IL-2 treatment) in V31" but not
Va2* cells (Figure 3C). Moreover, by following CFSE dilution, we
demonstrated a striking accumulation of NKp30* cells with
progressive division of V31* cells (Figure 3C). These data suggest
that activation of V81* cells in PHA and IL-2 cultures induces
NKp30 expression concomitantly with cell proliferation.

Whereas high percentages (> 50%) of NKp30* cells were
usually detected after 2 to 3 weeks in culture, NKp44 (~ 30%) and
NKp46 (< 20%) were expressed in lower proportions of V31*
cells (Figure 3D). Furthermore, most of NKp44+* or NKp46+ Va1+
cells also expressed NKp30 (Figure 3D). We therefore considered
NKp30 as the most informative marker of the inducible NCR*
V31* subset, and we set out to further characterize its differentiation.

NKp30 induction requires AKT-dependent y. cytokine and TCR
signals

We next dissected the specific signals required for the differentia-
tion of NCR* V&1* T cells. First, the 2 components of the

activation protocol, IL-2 and PHA, were dissociated. IL-2, or its
related vy, cytokine, IL-15, alone were sufficient to induce some
NKp30 expression, but the effect was modest compared with PHA
and IL-2 (or PHA and IL-15) combinations (Figure 4A and not
shown). On the other hand, PHA alone was not able to keep the
cultures viable (data not shown), consistent with the critical role of
v. cytokines in the survival of vy T cells, particularly on activation
and proliferation.!32!

Although PHA has been a widely used T cell mitogen, it is also
a nonphysiologic compound capable of cross-linking a series of
surface receptors, including the TCR.2> We hypothesized that the
molecular mediator of PHA stimulation could be the V31" TCR
complex. We therefore compared the ability of PHA and the OKT3
mAb, which specifically cross-links CD3e chains of the TCR
complex, to induce NKp30 expression (when combined with IL-2
or IL-15) in V81* T cells. OKT3 was fully capable of mimicking
PHA in these assays (Figure 4A-B), thus inducing NKp30 in
proliferating V31© T cells (supplemental Figure 5). Moreover,
TCRvd blockade in PHA and IL-2 cultures prevented NKp30
induction (Figure 4C). These data suggest that PHA treatment
provides TCR signals to induce NCR expression on V31* PBL.
Moreover, the differences between cytokine alone or combination
treatments with OKT3 (or PHA) highlight a marked synergy
between vy, cytokine and TCR signals in this process (Figure 4A-B).
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Figure 4. AKT-dependent vy, cytokine and TCR signals induce NKp30 expression in V31+ T cells. (A-B) Flow cytometry analysis of NKp30 expression on pregated V31+
T cells from yd PBL cultures after 7 days in the presence of IL-2 or IL-15, alone or in combination with PHA or OKT3 (anti-CD3e mAb). (C) Effect of blocking anti-TCRy3 mAb on
NKp30 induction in PHA and IL-2-activated v PBLs. The shaded gray area is pregated NKp30+ cells in 7-day control cultures. (D) Effect of chemical inhibitors LY294002 and UO126 on
NKp30 induction in PHA and IL-2—activated yd PBLs, prelabeled with CFSE. Data in this figure are representative of 2 to 3 independent experiments with similar results.

To further explore the molecular mechanisms of NCR induc-
tion, we used chemical inhibitors of key signal transduction
pathways downstream of v, cytokine receptors and/or TCR signal-
ing. Although blocking JAK signaling triggered extensive cell
death before any NCR induction (not shown), coincubation with
the PI-3K/ AKT inhibitor LY294002 specifically prevented NKp30
induction in proliferating V81* T cells (Figure 4D). AKT is
involved in transducing both v, cytokine and TCR signals,?
including TCRyd signals.!® By contrast, the MAPK/Erk inhibitor
UO126 had no detectable effect on NKp30 induction in proliferat-
ing V81" T cells (Figure 4D). Importantly, the selective effect of
LY294002 dissociated NCR induction from cell proliferation, thus
demonstrating that V81" T-cell proliferation is necessary (Figure
3C; supplemental Figure 5) but not sufficient (Figure 4D) to induce
NKp30 expression. Collectively, these data demonstrate that AKT-
dependent vy, cytokine and TCR signals synergize to induce NKp30
expression in V811 T cells.

Functional NKp30 and NKp44 trigger tumor cell killing by V§1+
PBLs

Although the previous data established clear associations between
NKp30 expression and increased cytotoxicity of yd (Vd1*) PBL
cultures, the functional role of NCRs in this system remained to be
formally demonstrated. We therefore undertook gain-of function
and loss-of-function experiments to evaluate the effect of NCR
modulation on V81* enriched (> 80%; supplemental Figure 3A)
PBL cultures, which expressed NCRs at levels similar to those in
Figure 3D (not shown). First, using a reverse Ab-dependent
cytotoxicity assay, we showed that cross-linking of NKp30 or
NKp44, but not NKp46, produced significant increases in lysis of
the P815 tumor cell targets (Figure 5A). These data demonstrate
that induced NKp30 and NKp44 are functional and mediate tumor
cell killing. To assess if they played nonredundant roles in targeting
leukemia cells, we performed receptor blockade experiments using
NCR-specific mAbs (kindly provided by Dr A. Moretta, University
of Genova, Italy). We observed significant reductions in tumor cell
lysis on NKp30 and NKp44 blockade (Figure 5B). As expected
from the results in Figure 5A, NKp46 blockade did not affect tumor
cell killing. Interestingly, a synergistic effect between NKp30 and
NKp44 was also clearly observed. Of note, TCRv3 blockade in any
setting (alone or in combination with anti-NCR mAbs) was a

neutral event during the killing assay (Figure 5B). To further
establish the TCR-independence of NCR* V§1* PBL cytotoxicity,
we isolated PHA-activated V817 cells to very high purity (supple-
mental Figure 6) and used 3 different well-described anti-TCR
blocking antibodies, including one (TCS1) specific for the V&1*
TCR. Again, we observed no effect on leukemia cell killing (Figure
5C). By contrast, inhibition of NKG2D had a significant (Figure
5C) and dose-dependent (supplemental Figure 6C) impact on
tumor lysis. In fact, when we combined NCR and NKG2D
inhibition, NCR* V31* PBLs could not kill above background
levels (Figure 5C). These data suggest that leukemia cell targeting
by NCR* V&1* PBLs is a TCR-independent event mostly medi-
ated by the synergistic function of NKp30, NKp44 and NKG2D.

NKp30+ V81+ PBL are specialized killers that target resistant
primary lymphocytic leukemias

To fully characterize the antitumor potential of NCR* V81" PBL,
we used FACS to sort NKp30™ cells to a high degree of purity
(> 99%; Figure 6A) and performed a series of functional assays.
As expected (Figure 3D), sorted NKp30™ cells also expressed
NKp44 and NKp46 (Figure 6B), and the 3 NCRs were largely
stable on the surface of the purified cells when cultured for 2 weeks
with IL-2 alone (Figure 6C). These data demonstrate the feasible
expansion of a stable NCR* V31* T cell subset.

When the cytotoxic function of NKp30* cells was assessed, an
increased targeting of the resistant leukemia cell line Bv173
(among others; not shown) was observed (in comparison with
NKp30~ counterparts; Figure 6D). This correlated with higher
expression of granzyme B (Figure 6E). Moreover, NKp30 expres-
sion also associated with higher degree of CD56 expression
(supplemental Figure 7), which has been previously linked to
cytotoxicity of human lymphocytes, including V82* T cells?*).

Finally, we performed functional killing assays with primary
samples obtained from B-cell chronic lymphocytic leukemia
patients. We previously showed that such specimens are consider-
ably resistant to yd PBL activated and expanded with the specific
Vy9V32 TCR agonist HMB-PP,? a finding confirmed in this study
(Figure 6F-G). Importantly, HMB-PP and IL-2-activated yd PBLs
do not express NCRs (Figure 2B). We therefore compared their
antitumor cytolytic activity with that of NKp30* cells isolated
from y8 PBL cultures activated with PHA and IL-2. We observed
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Figure 5. NKp30 and NKp44 mediate tumor cell killing by NCR* v3 PBLs.
(A) Functional evaluation of NKp30, NKp44 and NKp46 using specific monoclonal
antibodies in a 4-hour 5'Cr release redirected killing assay (at 2:1 effector:target ratio)
of the FcyR" P815 target cell line by vy PBLs activated and expanded with PHA and
IL-2. Data are presented as mean and SD of 8 independent experiments performed in
triplicate (*P < .05, ***P < .001; ns = not statistically significant). (B) v PBLs activated
and expanded for 18 days in PHA and IL-2 were incubated (at 5:1 effector:target ratio)
for 3 hours with the leukemia cell line MOLT-4 (as in Figure 1). Effect of blocking
antibodies to NKp30, NKp44, NKp46 and TCRyd (IMMU510) on tumor cell killing.
(C) V31*+ PBLs were MACS-sorted after 20 days in PHA and IL-2 cultures for the
assay described in (B), but using blocking antibodies to pan-TCRy3 (IMMU510 and
B1.1), V31* TCR (TCS1), NKG2D or NKp30 and NKp44, or the depicted combina-
tions. (+) refers to control cultures without inhibitory antibodies; (-) refers to tumor cell
cultures without V31* PBLs. Error bars represent SD (n = 3, *P < .05; **P < .01;
***p < .001).

that NKp30* yd PBLs, obtained from 6 different donors, were
consistently more efficient at eliminating primary B-CLL cells
(Figure 6F-G). These data collectively suggest that highly cyto-
toxic NKp30™ V381" PBL are promising new candidates for
adoptive cell immunotherapy of hematologic malignancies.

Discussion

Natural cytotoxicity receptors were identified by A. Moretta and
colleagues over a decade ago, and were shown to play critical
synergistic roles in the antitumor functions of NK cells.!*?-?7 In
fact, NKp30 and NKp46 are widely considered to be 2 of the most
specific NK markers'>>-27 We now show that the combination of
cytokine (IL-2 or IL-15) and mitogenic (PHA or OKT3) stimuli
induces NCR expression in a sizeable V31* PBL subset that is
endowed with increased cytolytic activity against hematologic
tumors. Although PHA is a nonphysiologic T-cell mitogen, we
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demonstrated that its effect on NCR induction was fully mimicked
by crosslinking the TCR-CD3 complex on V31* PBL. Thus, NCR
induction is coupled to TCR-mediated proliferation of V&1 cells,
while also requiring <. cytokine signals. This is consistent with
previous reports demonstrating that the in vitro acquisition of NK
receptors by liver?® or umbilical cord® T cells depends on IL-15.

Among inducible NCRs, NKp30 is clearly the most important
for the antitumor activity of V31* T cells, based on the proportion
of cells that express it (Figure 3D), the higher enhancement in
V31" T-cell cytotoxicity on NKp30 triggering (Figure 5A), and the
significant reduction in leukemia cell killing on NKp30 blockade
(Figure 5B). This notwithstanding, NKp44 (but not NKp46) is also
functional in NCR* V817" cells (Figure 5A), and appears to
synergize with NKp30 for enhanced tumor targeting (Figure 5B).
Of note, NKp30 engagement also augments the production of the
key antitumor cytokine, interferon-y, by NCR* V317 cells (supple-
mental Figure 8).

Both NKp303® and NKp443' have been implicated in human
NK cell recognition of virus-infected cells. Regarding tumors,
antibody-mediated blocking experiments demonstrated important
roles for these receptors in myeloma3? and melanoma® cell
targeting. Moreover, lack of NCR expression has been clinically
correlated with poor survival in AML patients.>*

Interestingly, NKp30 and NKp44 are not encoded in the
genome of murine strains (such as C57B1/6 or Balb/c) widely used
for laboratory experimentation.®> On the other hand, the major
Vy9V382 subset of human PBL, and its reactivity toward phospho-
antigens, are also primate-specific.® These observations highlight
the special functional characteristics of primate yd T cells;
however, they also preclude the direct in vivo study of Vy9V32 or
NKp30* V317" T cells in the mouse.

Another aspect that currently limits our understanding of NCR
function in immunity is the poor definition of their physiologic
ligands, most notably in the context of tumors. In fact, viral
hemagglutinin was until recently the only well-established ligand
for NKp44% and NKp46.7 This notwithstanding, a novel B7
family member, B7-H6, was lately described to bind NKp30.3
B7-H6 was not detected in normal human tissues but was expressed
on human tumor cells,?® in line with the recognition of “stressed
self” by innate and innate-like lymphocytes.'*3° However, we
obtained no evidence for a role of B7-H6 in NCR™ V&1* T-cell
recognition of lymphoid leukemias; in fact, many of the NCR*
V&1t T-cell targets expressed lower levels of B7-H6 than healthy
control cells (supplemental Figure 9). Brandt et al had also
previously noted that only 24 of 119 tumor cell lines tested
expressed B7-H6.38 Thus, future lines of research should clarify the
repertoire of relevant ligands expressed by tumors susceptible to
NKp30-mediated cytotoxicity. Moreover, although we have thus
far concentrated on hematologic malignancies, upcoming work
will address whether NKp30* V31* lymphocytes also possess
enhanced cytotoxicity against solid tumors. Of note, V&1* T cells
have previously been shown to be cytolytic against melanoma and
various carcinomas.'?

V31" T cells are the predominant yd T-cell subset during the
fetal stage and early life,*” when they are already able to respond to
viral infection.*! In adults, V31" T-cell expansions have been
associated with CMV infection,*> HIV-1 infection,** and tumors of
either epithelial’® or hematopoietic*** origin. An attractive pros-
pect for adoptive transfer of activated V31* T cells is that they may
display particularly good capacity for homing to tissues because,
contrary to their circulating V82* counterparts, V31" cells are
preferentially tissue-associated lymphocytes.® Interestingly, the
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Figure 6. NKp30* y3 PBLs are a stable subset endowed with enhanced cytotoxicity against chronic lymphocytic leukemia cells. NKp30+ and NKp30(~) v3 PBLs were
FACS-sorted from 14-day PHA and IL-2—activated cultures. (A) Reanalysis of NKp30 expression in the purified populations. (B) Real-time PCR quantification of Nkp44 (left)
and Nkp46 (right) mRNA levels in NKp30~ or NKp30* 3 T cells, compared with freshly isolated v PBLs. Error bars represent SD (n = 3). (C) Sorted NKp30* & PBLs were
cultured in the presence of IL-2. Analysis of NKp30, NKp44 and NKp46 expression after 14 days. (D) NKp30~ or NKp30* 3 T cells, or freshly isolated vd PBLs, were used in
killing assays with the leukemia cell line Bv173 (as in Figure 1). Tumor cell death was evaluated by annexin-V staining (n = 3, *P < .05). (E) Real-time PCR quantification of
GzmB mRNA levels in freshly isolated, NKp30() or NKp30* v3 T cells. Error bars represent SD (n = 3). (F-G) Representative plots (F) and data summary (G) for 5 primary
B-cell chronic lymphocytic leukemia samples that were used in killing assays (as in Figure 1) with yd PBLs obtained from 6 distinct donors and activated with either HMIB-PP

and IL-2 or PHA and IL-2. NCR(-) vd PBL from HMB-PP and IL-2—activated cultures
(black bars). Error bars represent SD (n = 6, *P < .05; **P < .01; ***P < .001).

abundance of V31* T cells at mucosal surfaces has been attributed
to IL-15, which induces chromatin modifications that control TCR
gene rearrangement.*

Our key demonstration that NKp30™ V81* cells are capable of
targeting primary lymphoid leukemic cells is particularly relevant
when taking into account that V81* T cells have been previously
reported to be inefficient killers of primary leukemia or lymphoma
cells,** which has been attributed to their lack of expression of
NKG2D ligands.** Interestingly, a recent study in which y3 PBLs
were activated with concanavalin A demonstrated higher killing
ability of expanded V317 cells against B-CLL—derived cell lines.*’
It will be important to investigate whether this protocol also
induces NKp30 expression on V31" cells. Thus, NKp30* V&1*
cells may provide a valuable layer of intervention against lymphoid
malignancies.

A surprising finding that deserves further investigation is the
preferential expansion of V31* T cells (among yd PBL) on PHA
treatment in vitro (Figure 3B). Because this is not due to selective

(gray bars) were compared with NCR(+) v PBL from PHA and IL-2—-activated cultures

apoptosis of the dominant V32 counterparts (supplemental Figure
2), it must derive from a proliferative advantage of V317 cells
when receiving PHA-dependent TCR signals (Figure 3A-B).
Provocatively, we have previously observed that V31* T cells
express significantly higher levels of the CD27 receptor (compared
with V82* cells)*; CD27 costimulation enhances Bcl2al and
Cyclin D2 expression and promotes yd T-cell survival and
proliferation.*®

This study draws important novel (NCR-mediated) insight into
the modus operandis of human yd T cells, and supports the
emerging paradigm of yd T cells recognizing tumors via innate NK
receptors rather than using the somatically rearranged TCR+yd
(Figure 5B-C).° This notwithstanding, the TCR has a major, albeit
indirect, contribution to the antitumor function of NKp30* V&1+
cells. We showed that efficient induction of NKp30 expression on
V31* cells depends on TCR stimulation; in its absence, .
cytokines can only effect a very modest up-regulation of NKp30
expression (Figure 4A-B). Thus, TCR signals are upstream of
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NKp30-mediated tumor cell recognition by NKp30* V&1 * lympho-
cytes. Interestingly, we have previously showed that, for V&2+
cells, TCR signals are essential for cell activation and cytotoxic
differentiation, “upstream” of tumor cell recognition via NKG2D.?
We therefore propose a “2-step” model for human yd T cells, in
which they differentiate and are activated like prototypic T cells (ie,
using the TCR), but rely essentially on NK receptors (such as
NKG2D, NKp30 or DNAM-1) for tumor cell recognition. This is
consistent with the critical role described by the Hayday and
Girardi groups for NKG2D ligands in tumor surveillance by mouse
8 T cells,*>>% and fits the general concept of NK receptors being
the key molecular recognition determinants of “oncogenic stress.”°

From a clinical perspective, this study describes a protocol to
induce NKp30 ex vivo, which should make it very feasible to
expand and inject large numbers of cells into patients. Impor-
tantly, we were able to efficiently expand NKp30* V3d1* cells
from B-CLL patients (supplemental Figure 10). On reinfusion,
the activation status of the cells could potentially be maintained
via administration of low doses of IL-2, which appears to be
sufficient to sustain NKp30 expression. Thus, after this first
report describing the differentiation of NKp30* Va1+* lympho-
cytes, future work should evaluate their potential for adoptive
cell immunotherapy of human cancer.
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Brief report

The MHC class Ib protein ULBPI is a nonredundant determinant of
leukemia/lymphoma susceptibility to yd T-cell cytotoxicity

Telma Langa,' Daniel V. Correia,'? Catarina F. Moita, Helena Raquel,” Ana Neves-Costa, Cristina Ferreira,
José S. Ramalho,* Jodo T. Barata,! Luis F. Moita,’ *Anita Q. Gomes, 2% and *Bruno Silva-Santos'2

TInstituto de Medicina Molecular, Faculdade de Medicina da Universidade de Lisboa, Lisboa; ?Instituto Gulbenkian de Ciéncia, Oeiras; 3Hospital de Santa Maria
Centro Hospitalar Lisboa Norte, Lisboa; Faculdade de Ciéncias Médicas, Universidade Nova de Lisboa, Lisboa; and *Escola Superior de Tecnologia da

Saude de Lisboa, Lisboa, Portugal

On the path to successful immunotherapy
of hematopoietic tumors, y8 T cells offer
great promise because of their human
leukocyte antigen (HLA)-unrestricted tar-
geting of a wide variety of leukemias/
lymphomas. However, the molecular
mechanisms underlying lymphoma recog-
nition by v3 T cells remain unclear. Here
we show that the expression levels of
UL16-binding protein 1 (ULBP1) deter-

mine lymphoma susceptibility to &
T cell-mediated cytolysis. Consistent
with this, blockade of NKG2D, the recep-
tor for ULBP1 expressed on all Vy9*
T cells, significantly inhibits lymphoma
cell killing. Specific loss-of-function stud-
ies demonstrate that the role of ULBP1 is
nonredundant, highlighting a thus far
unique physiologic relevance for tumor
recognition by v3 T cells. Importantly, we

observed a very wide spectrum of ULBP1
expression levels in primary biopsies ob-
tained from lymphoma and leukemia pa-
tients. We suggest this will impact on the
responsiveness to yd T cell-based immu-
notherapy, and therefore propose ULBP1
to be used as a leukemia/lymphoma
biomarker in upcoming clinical trials.
(Blood. 2010;115:2407-2411)

Introduction

Cellular immunotherapy of hematopoietic malignancies is re-
garded as one of the most promising approaches to deal with the
common relapse or resistance to conventional treatments. yd
T cells are innate-like lymphocytes capable of potent antitumor
activity toward a variety of malignant cell types in both mice! and
humans,?> with special emphasis on lymphomas and leukemias.?
Unlike their a3 counterparts, yd T cells are not restricted by classic
major histocompatibility complex (MHC) presentation but share
many characteristics with NK cells, including the expression of
“NK receptors,” most notably NKG2D.*> Most (60%-95%) human
vd peripheral blood lymphocytes (y3-PBLs) express a VyoVa2
T-cell receptor (TCR)® and are specifically activated by nonpeptidic
prenyl pyrophosphate intermediates of isoprenoid biosynthesis
(“phosphoantigens™),”$ which constitutes the basis of current
cancer immunotherapy strategies involving yd T cells.>%10

Although several molecules have been proposed to play a role
in tumor-Vy9V32 cell interactions, from phosphoantigens”!! to an
F1-ATPase-related structure complexed with delipidated apolipopro-
tein A-1'? and, more recently, DNAM-1 ligands'? or the nonclassic
MHC protein ULBP4,'* a consensus about yd T-cell recognition of
tumors, particularly on physiologic (nonectopic) conditions, is yet
to be reached.

Here we set out to determine the mechanism of leukemia/
lymphoma cell recognition by y8 T cells, particularly relevant as
previous yd T cell-based clinical trials have shown a variable
degree of success among patients.’ The establishment of an in vitro
model representative of this clinical scenario and the quantification
and manipulation of candidate gene expression allowed us to

demonstrate a nonredundant role for ULBP1 in determining the
susceptibility of leukemia/lymphoma cells to yd T cell-mediated
cytolysis.

Methods

Cell culture

Peripheral blood mononuclear cell (PBMC) isolation, Vy9V32 PBL
expansion, leukemia/lymphoma cell line cultures, and killing assays were
performed as previously described.®

Leukemia/lymphoma biopsies

Pediatric B- or T-cell acute lymphoblastic leukemia cells were obtained
from peripheral blood of patients after informed consent and institutional
review board approval (Instituto Portugués de Oncologia, Lisbon, Portugal)
in accordance with the Declaration of Helsinki. Lymphoma cells from
lymph node biopsies were frozen in liquid nitrogen and used on diagnosis
(Hospital de Santa Maria-CHLN, Lisbon, Portugal).

Quantitative RT-PCR

RNA extraction and quantitative reverse-transcribed polymerase chain
reaction (RT-PCR) were performed as described,® using the primers listed in
supplemental Table 1 (available on the Blood website; see the Supplemental
Materials link at the top of the online article).

Antibodies

The following anti-human monoclonal antibodies were used: ULBP-1/
clone IC1380F, MHC class I chain-related gene A (MICA)/clone 1300
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Figure 1. NKG2D mediates Vy9V52 T-cell recognition of hematopoietic tumors that endogenously overexpress ULBP1 and MICA. (A) Susceptibility of leukemia and
lymphoma cell lines (described in supplemental Table 2) to HMB-PP-activated y3-PBL (> 90% Vy9*) cytotoxicity was assessed by coincubating 3 X 10* tumor cells
(prelabeled with 1TmM DDAO-SE) with 3 x 105 y3-PBLs from 3 independent donors for 3 hours, then staining with annexin V—fluorescein isothiocyanate and analyzing by flow
cytometry. (B) y3-PBLs were incubated with saturating amounts of anti-NKG2D/clone 1D11 and anti-TCRyd/clones B1.11 or IMMU5102 blocking antibodies, or both
anti-NKG2D and anti-TCR~3," for 1 hour at 4°C. y3-PBLs were then cocultured either with Jurkat or Molt-4 leukemia lines, and tumor cell lysis was assessed as in panel A. Error
bars represent SD (n = 3). *P < .05. (C) Quantitative RT-PCR quantification of mRNA levels of NKG2D ligands in cells lines of panel A, normalized to glucuronidase-f (GUSB)
and proteasome subunit  type 6 (PSMB6) housekeeping genes. (D) Flow cytometric analysis of cell-surface expression of ULBP1 and MICA in the leukemia/lymphoma lines
of panel A. Data presented in this figure (A-D) are representative of at least 3 independent experiments with consistent results.
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(R&D Systems), NKG2D-PE/clone 1D11 (BioLegend), TCRyd/clone B1.1
(eBioscience), and TCRyd/clone IMMUS510 (Beckman Coulter). Goat
anti-mouse IgG-PE (Sigma-Aldrich) was used as secondary monoclonal
antibody for ULBP1 and MICA staining.

RNA interference and overexpression

Lentiviral vectors expressing short hairpin RNA (shRNA) for the specific
silencing of ULBP1 (CCTGGGAAGAACAAACTGAAA) and MICA
(CTATGTCCGTTGTTGTAAGAA) were obtained from the RNAi Consor-
tium and produced as previously described.!> For overexpression of
ULBPI, its coding sequence was amplified from a human EST clone
(GenBank accession no. BC035416'%) by PCR, cloned into pENTR-V5C2
vector, subcloned into pLenti6.2 (Invitrogen), and introduced into the
Gateway System (Invitrogen). Lentiviruses were then pseudotyped as
described.

Results and discussion

v3-PBLs, expanded and activated (~ 100% CD69%; data not
shown) with 4-hydroxy-3-methyl-but-2-enylpyrophosphate (HMB-
PP), the most potent Vy9V32 TCR agonist yet known,”3!7 were
able to mediate efficient killing of only a fraction of leukemia/
lymphoma cell lines within a large panel established in our
laboratory. Within the group selected for this study (supplemental
Table 2), 4 lines were highly susceptible (60%-85% annexin V*),
whereas the other 4 lines were largely resistant (15%-30% annex-
in V*) to y8 T-cell cytotoxicity (Figure 1A). Furthermore, we
observed a consistent resistance of primary leukemia cells to
v3-PBL cytotoxicity (supplemental Figure 1), which stresses the
importance of understanding the mechanisms of tumor cell recogni-
tion by yd T cells.

Both TCRyd and NKG2D have been implicated in Vy9Va2
T cell-mediated killing of epithelial tumors.!3-2° To determine their
importance in recognition of hematopoietic tumors, we performed
specific antibody blockade experiments with HMB-PP-activated
v3-PBL (>90% V~v9*) and 2 susceptible leukemia lines. We
observed a significant reduction through NKG2D inhibition but not
via TCRvy3 blockade, and no additive effect (Figure 1B), suggest-
ing that, although TCR-mediated activation greatly augments
Vy9V32 T-cell cytolytic capacity,® the recognition of leukemia
targets is essentially mediated by NKG2D. Moreover, we did not
observe any Ca’* influx in Vy9V32 T cells during the killing assay
(data not shown), which is consistent with TCR-independent tumor
cell recognition. Thus, y3 T cell-mediated surveillance of hemato-
poietic tumors appears to be a 2-step process where effector
lymphocyte activation is achieved through TCR stimulation (pre-
sumably by endogenous phophoantigens’-!!) but tumor cell recogni-
tion is predominantly mediated by NKG2D.

Based on these results, we hypothesized that the distinct
leukemia/lymphoma susceptibilities were derived from differential
expression of NKG2D-ligand(s) (NKG2DL), which was tested by
quantitative RT-PCR. ULBP1 expression clearly segregated the
best with susceptible versus resistant leukemias/lymphomas; on
average, ULBP1 mRNA expression was 6-fold higher in suscep-
tible than in resistant lines (Figure 1C). MICA was also highly
expressed in some but not all susceptible lines, whereas ULBP3
was enriched in some resistant cell lines, and the expression of the
other NKG2DL did not segregate with susceptibility to -yd-
mediated killing (Figure 1C). Of note, ULBP4, recently suggested
to be involved in y3-PBL targeting of some epithelial tumors,'* was
very poorly expressed in leukemias/lymphomas (Figures 1C,
2D-E). We also confirmed by flow cytometry that ULBP1 and

vd T CELLS RECOGNIZE LEUKEMIAS VIANKG2D/ULBP1 2409

MICA were differentially expressed at the protein level and on the
cell surface, although the correlation between mRNA and protein
expression was not absolute (Figure 1D).

This prompted us to assess the physiologic role of these
NKG2DL in leukemia targeting by +vy8-PBL through loss-of-
function studies using RNA interference. ULBP1 and MICA
mRNA and protein expression levels were efficiently and specifi-
cally decreased on shRNA infection (Figure 2A; supplemental
Figure 2). Loss of ULBP1 expression caused a very significant
reduction (35%-50%) of yd-PBL—mediated lysis of leukemia lines
(Figure 2B), essentially “converting” these susceptible tumors into
vyd-resistant lines. The residual cytotoxicity may be the result of
other NK-like receptors, such as DNAM-1,13 which we are
currently investigating. Interestingly, MICA down-regulation did
not impair y3-PBL targeting of these tumors (Figure 2B). These
data collectively suggest that ULBP1 plays a crucial and nonredun-
dant role in y3-PBL recognition of leukemias. Importantly, this
constitutes the first physiologic evidence for lymphocyte require-
ment of NKG2DL expression on tumors because previous stud-
ies!41921.22 concentrated on their ectopic expression. Along these
lines, we have also overexpressed ULBP1 in a resistant lymphoma
cell line and observed a marked increase in susceptibility to
v3-PBL cytotoxicity (Figure 2C).

These findings suggest that monitoring ULBP1 levels in
leukemia/lymphoma could be of great value in the clinic. In
considering this, we analyzed the expression of ULBP1, as well as
the other NKG2DL, in 15 leukemia PBMC samples and 12 lym-
phoma biopsies, which were compared with healthy PBMC and
reactive follicles, respectively. ULBP1 presented the highest de-
gree of overexpression in leukemias and lymphomas (Figure
2D-E), as well as the broadest spectrum of expression levels, as
translated by its dramatic variance across clinical samples (supple-
mental Table 3). Taking into account the impact of 2-fold reduction
in ULBPI levels on leukemia killing in vitro (Figure 2A-B), these
results with primary biopsies strongly suggest a large variability in
susceptibility to y3-PBL cytotoxicity in the clinical population. We
therefore propose ULBP1 to be tested as a biomarker in upcoming
v8 T cell-based cancer clinical trials. Moreover, recent findings
that proteasome inhibitor drugs specifically up-regulate ULBP1
expression in carcinoma cells>* open new perspectives for cancer
immunotherapy.

The expression of ULBP family members correlates with
improved survival in cancer patients, and ectopic expression of
ULBP1 in particular has been shown to elicit potent antitumor
responses.?>>* The role we attribute here to ULBP1 in the context
of lymphomas and leukemias is probably not universal for vy T-cell
recognition of other tumor types. For example, susceptible epithe-
lial tumors have been shown to express low or undetectable levels
of ULBP1.% In this context, it is attractive to speculate that
ULBP4, recently shown to ectopically trigger VyoVd2 T-cell
cytotoxicity against ovarian and colon carcinomas,'* may play, in
epithelial tumors, the equivalent physiologic role of ULBP1 in
hematopoietic tumors. This would constitute a novel paradigm for
tumor recognition, by which stress-inducible, nonclassic MHC
proteins that constitute ligands for NKG2D, would act as cellular
reporters of transformation for both circulating V32 and tissue-
associated V81 T lymphocytes, the latter known to recognize
MICA/MICB and ULBP3.2 Furthermore, NGK2D also plays
critical roles in antitumor NK and CD8 T-cell responses®2* and has
been shown to be an essential genetic factor for tumor surveillance
in mice.?® We therefore think that NKG2D/NKG2DL modulation
entails great promise for cancer immunotherapy.
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Figure 2 ULBP1 is required for Vy9V52 T-cell recognition of leukemia/lymphoma cells and displays a highly heterogeneous expression in cancer patients.
(A) Lentiviral shRNA-mediated knockdown of ULBP1 and MICA in Molt-4 or Jurkat leukemia cells was confirmed by quantitative RT-PCR using GUSB and PSMB6 as
endogenous references. Cells were infected with 10 p.L of high-titer virus (107 CFU/mL) in media containing polybrene, submitted to selection 48 hours later, and collected for
analysis 96 hours after infection. sSiSCRAM is an shRNA of scrambled (unspecific) sequence, used as an infection control. Error bars represent SD (n = 3). **P < .01.
(B) Molt-4 or Jurkat leukemia cells, subjected to ULBP1 or MICA shRNA knockdown (as in panel A), were used in in vitro killing assays either in the presence (+) or absence (—)
of v3-PBLs (as in Figure 1A). Nontransduced (NT) and siSCRAM-transduced cells were used as controls. (C) Raji lymphoma cells were lentivirally transduced with ULBP1 (or
control vector), and surface expression of ULBP1 was assessed by flow cytometry (left). In vitro killing assays were then performed either in the presence (+) or absence (—) of
vd-PBLs (right). (D-E) Quantitative RT-PCR analysis of mMRNA expression of NKG2DLs in 8 follicular lymphoma (FL) and 4 diffuse large B-cell lymphoma (DLBCL) biopsies,
normalized to housekeeping genes (GUSB and PSMB6) and to a reference sample (reactive follicles) obtained through the same procedure and indicated by the dashed line
(D); and in 8 T acute lymphoblastic leukemia (T-ALL) and 7 B acute lymphoblastic leukemia (B-ALL) PBMC samples, normalized to housekeeping genes (GUSB and PSMB6)
and to reference PBMCs from healthy persons, indicated by the dashed line (E).
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vd T cells are highly cytolytic lymphocytes that produce large amounts of pro-inflamma-
tory cytokines during immune responses to multiple pathogens. Furthermore, their ability
to kill tumor cells has fueled the development of y3-T-cell-based cancer therapies. Thus,
the regulation of y8-T-cell activity is of great biological and clinical relevance. Here, we
show that murine CD47CD25" af T cells, the vast majority of which express the Treg
marker, Foxp3, abolish key effector functions of y§ T cells, namely the production of the
pro-inflammatory cytokines, IFN-y and IL-17, cytotoxicity, and lymphocyte proliferation in
vitro and in vivo. We further show that suppression is dependent on cellular contact
between Treg and y3 T cells, results in the induction of an anergic state in y§ lymphocytes,
and can be partially reversed by manipulating glucocorticoid-induced TNF receptor-rela-
ted protein (GITR) signals. Our data collectively dissect a novel mechanism by which the

expansion and pro-inflammatory functions of y3 T cells are regulated.

Key words: y6 T cells -
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Introduction

The integration of multiple effector and regulatory mechanisms
dictates the course of immune responses to self and non-self
antigens. y8 T cells are innate-like lymphocytes known to mount
robust responses to infectious pathogens [1] and tumors [2],
while also regulating tissue homeostasis and repair [3]. Impor-
tantly, several of these functions are non-redundant, as demon-
strated by the immunopathology phenotypes of TCR-d-deficient
mice [4]. It is also well documented that upon pathogen

Dr. Bruno Silva-Santos
e-mail: bssantos@fm.ul.pt
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challenge (for example, with Plasmodium falciparum, Mycobac-
terium tuberculosis, Haemophilus influenzae, or Streptococcus
pneumoniae), yd T cells are one of the immune populations that
expands most dramatically in human peripheral blood [1, 5, 6].

In contrast with adaptive aff T cells, activated yd lymphocytes
are capable of “immediate” cytotoxicity and cytokine secretion
[5]. In fact, we have recently shown that murine yd T cells
become functionally competent in the thymus, particularly
regarding the production of pro-inflammatory cytokines IFN-y
and IL-17 [7]. Furthermore, several reports have demonstrated
the crucial contributions of yd T cells to the reservoirs of such
cytokines in the context of anti-tumor immunity [8], immune
responses to infection [9], and autoimmunity [9, 10]. While these
data highlight the importance of understanding how the
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pro-inflammatory and anti-tumor functions of yd T cells are
regulated [11, 12], this process remains poorly understood,
particularly in murine models.

CD4"CD25" af T cells are well known for their ability to
control the activity of several immune cell populations in vitro
and in vivo, including effector CD4"CD25 and CD8" of T cells
[13], NK [14] and NKT cells [15], B cells [16], DC [17], and
monocytes/macrophages [18]. As a result, CD4"CD25" «off
T cells, and particularly those that develop in the thymus through
a Foxp3-dependent genetic program [19, 20], so-called “naturally
occurring” Treg (nTreg), are pivotal to maintaining immune
homeostasis and preventing inflammatory and autoimmune
diseases [21]. On the other hand, Treg-suppressive functions are
also known to diminish immunity to pathogens and to tumors
[22, 23]. Provocatively, an inverse correlation between circulat-
ing human Treg frequencies and y3-T-cell numbers in cancer
patients has been recently reported [24].

Building on these foundations, we show here that Treg
suppress y9o-T-cell proliferation, cytotoxicity, and cytokine
production in co-cultures of lymphocytes isolated from both naive
and malaria-infected mice. Moreover, Treg also control y8-T-cell
expansion in vivo, upon adoptive transfer into lymphopenic mice.
We further demonstrate that suppression is cell-contact-depen-
dent and can be partially abrogated through manipulation of
glucocorticoid-induced TNF receptor-related protein (GITR)
receptor signaling. These data provide a novel mechanistic
insight into the regulation of y3 T cells by suppressive o3 T cells.

Results

Treg suppress 78 cell cytotoxicity and cytokine
production

vd T cells are well known for their cytotoxic function in both
mice [4] and humans [2], which constitutes a strong basis for
v0-T-cell-based cancer immunotherapies [2]. We tested whether
this activity could be directly inhibited by Treg in 3-day
co-cultures. CD4"CD25" cells isolated from pooled spleen and
lymph nodes of naive C57BL/6 (B6) mice were >95% Foxp3™*
(Supporting Information Fig. 1A), and therefore largely repre-
sented nTreg. We used the P815 mastocytoma cell line as target
for a redirected lysis assay, and observed a striking inhibition of
v8-T-cell-mediated apoptosis of P815, in a Treg dose-dependent
manner that included complete suppression at a 1:1 ratio
(Fig. 1A). In fact, even at a ratio that corresponds to a ninefold
dilution of nTreg, these are still capable of considerable inhibition
of y3-cell cytotoxicity (Fig. 1A), thus demonstrating the extra-
ordinary suppressive potency of nTreg.

In addition to cytotoxicity, cytokine secretion is another
critical function of yd T cells in immune responses. In particular,
these lymphocytes have been shown to produce high amounts of
IFN-y [7, 8], IL-17 [10, 25], and TNF-a [7]. Interestingly, we
observed an increased proportion of IFN-y (and, to a lesser
extent, IL-17) producers in yd T cells isolated from TCR-a-defi-
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cient mice (Supporting Information Fig. 2), a widely used source
of yd T cells due to their increased numbers in this model [7]. As
this cytokine phenotype could potentially reflect a suppressive
role of endogenous off T cells in WT animals, we employed
TCR-a-deficient mice as source of yd T cells for the subsequent
in vitro assays where the effect of Treg on y3-T-cell function was
studied. When we analyzed the supernatants of (24 h) co-cultures
of yd T cells with or without Treg, using a cytokine bead array
(Supporting Information Fig. 1B), we detected a dramatic
(20-fold) reduction in IFN-vy levels, accompanied by a 50% drop
in TNF-a levels, in y3:Treg samples (Fig. 1B). Of note, we verified
that y3-T-cell suppression is a property of Treg, but not of their
CD4"CD25~ (“effector” T cells, Teff) counterparts, as these
actually promoted the secretion of Thl-associated cytokines
(Fig. 1B).

We have recently described two subsets of murine yd T cells
with distinct cytokine profiles: whereas CD27" v5 cells are
essentially restricted to IFN-y production, CD27~ yd cells are
selectively capable of expressing IL-17, particularly upon TGF-f
treatment in vitro [7]. When we investigated the effect of Treg on
each of these particular y3-T-cell subsets, we observed a complete
loss of IFN-y production by CD27* 3 cells (Fig. 1C), in parallel
with a very significant inhibition of CD27~ yd cell cytokine
production (Fig. 1D). Furthermore, both effects were dependent
on the Treg:yé ratio (Supporting Information Fig. 1C and D).
These data demonstrate that Treg are very effective at inhibiting
v8-T-cell effector functions.

In vitro inhibition of y8-T-cell proliferation by nTreg and
iTreg

v6-T-cell responses to TCR stimulation also involve extensive
cellular proliferation. When we applied a conventional in vitro
suppression assay [26], we observed that nTreg were clearly
capable of inhibiting v6-T-cell proliferation in vitro, in a
dose-dependent manner, with a striking arrest observed at
ratios of 1 Treg:3 vyd or above (Fig. 2A). Importantly, since each
population represent circa 1% of all splenocytes or peripheral
lymph node lymphocytes (Supporting Information Fig. 4A), this
in vitro suppression (Fig. 2A) occurred at ratios that mimic the in
vivo proportions of the two populations. Consistent with the
proliferation blockade, we also observed a very significant
decrease in cell size of activated yd lymphocytes upon co-
incubation with nTreg (Fig. 2B).

The peripheral generation of “adaptive” or “inducible”
Foxp3™ Treg (iTreg) through TGF-p-dependent “conversion” of
Foxp3~ CD4" T cells has been widely documented [27, 28]. We
tested if iTreg could also suppress yd-cell proliferation. Indeed,
after de novo generation of over 70% Foxp3™* CD4™" T cells (data
not shown), these significantly blocked yé-cell expansion in vitro
(Fig. 2C). Note that the inequivalent proportions of Foxp3-
expressing cells within the iTreg and nTreg populations (70%
versus 95%) may justify the difference in the extent of suppres-
sion scored in our assays (Fig. 2C).
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Treg abolish effector functions of malaria-activated yé
T cells

Having performed the previous experiments with naive lympho-
cytes, we asked whether these findings could be extended to T cells
that had been conditioned during the course of an infection.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Recent reports have shown that human Treg can inhibit IFN-y
secretion by Vy9Vé2 PBL activated in vitro by M. tuberculosis
antigens [11, 29]. Here, we used an in vivo model of malaria
infection [30] to obtain yd cells at the peak of their (rapid)
response and test their susceptibility to Treg suppression in vitro.
C57BL/6 mice infected with Plasmodium berghei ANKA showed a
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marked expansion of yd cells in peripheral lymphoid organs
(spleen and lymph nodes) within the first 5 days of infection
(Fig. 3A), which correlated with an increased expression of the
activation marker CD69 (Fig. 3B). Moreover, the absolute number
of IFN-y- and IL-17-producing 3 cells increased by approximately
five- and tenfold, respectively (Fig. 3C). When v3 cells isolated at
day 3 post-infection were co-incubated with Treg obtained from
the same mice, the proliferation of the former was completely
inhibited (Fig. 3D). In contrast, CD4"CD25™ Teff facilitated y3-cell
proliferation (Fig. 3D), potentially through the provision of IL-2
(Fig. 3E). We also analyzed the expression of IFN-y and IL-17 in
these cultures, and observed that, in stark contrast with yd:Teff
samples, y3:Treg co-cultures completely lacked both cytokines
(Fig. 3F and G). These data collectively demonstrate that Treg
block the effector functions of malaria-activated y3 T cells.

In vivo suppression of y3-T-cell expansion by Treg

Murine models offer the possibility to test Treg functions in vivo.
A widely used assay is the adoptive transfer of Treg and af Teff
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Figure 3. Treg-mediated suppression of proliferation and cytokine
production of malaria-activated y8 T cells (A-C). y8-T-cell absolute
numbers (A), percentage of CD69-expressing cells (B) and numbers of
IFN-y- or IL-17-producing cells (C) per spleen of C57BL/6 mice during
the course of a P. berghei ANKA infection. Data show mean+SD
(n = four mice). (D) Proliferation of CFSE-labeled y§ cells obtained from
day 3-infected animals, co-cultured alone or with either CD4"CD25~
(Teff) or CD47CD25" (Treg) at 1:1 ratio. Indicated is the percentage of
divided v5 cells after 3 days, as evaluated by flow cytometry. (E) Real-
time quantitative PCR for IL-2 in cells obtained from 24 h cultures of y8
T cells, alone or together with either CD4"CD25 (Teff) or CD4"CD25"
(Treg) at 1:1 ratio. Gene expression was normalized to the house-
keeping gene Efal. (F and G) Real-time quantitative PCR for IFN-y (E) or
IL-17 (F) in cells obtained from cultures identical to (E). Gene
expression was normalized to the housekeeping gene Efal. Data are
representative of two independent experiments (each involving four to
five animals).
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populations into lymphopenic mice, which has clearly shown
that Treg prevent the homeostatic expansion of aff Teff [31].
We adapted this system to test the effect of Treg on yd-cell
expansion in Rag2-deficient animals; we added P. berghei
ANKA infection as an extra stimulus (1 day after the injection
of lymphocytes) due to the relatively poor homeostatic
expansion of yd cells (data not shown) [32]. In this adapted
model, Teff and Treg engrafted and expanded comparably
after 4 days (Fig. 4A) and largely maintained their character-
istics, in particular CD25 expression (Fig. 4B). However, the
co-injected yd cells expanded to very distinct levels in the two
scenarios, both in terms of percentages (Fig. 4C) and absolute
numbers (data not shown): approximately fivefold less yd cells
accumulated in the spleens of Treg:yd when compared with
Teff:yd-injected animals. Of note, v8 cells expanded to a similar
degree when injected alone or in the presence of Teff (data not
shown). These data constitute important in vivo evidence for the
relevance of the Treg-mediated effects previously observed
in vitro (Fig. 2 and 3).

Moreover, endogenous yd T cells expanded significantly more
(upon malaria infection) in TCR-a-deficient mice than in WT
controls (Fig. 4D), consistent with an aggregate inhibitory effect
of af T cells on yd-cell proliferation. It should be noted, however,
that we cannot exclude a distinct homeostatic behavior of 3 cells
due to the lack of competing af T cells.

Cell contact/Treg-dependent “anergy” in yé cells can be
partially abrogated via GITR

We next sought to dissect the mechanisms underlying Treg-
mediated suppression of y3-T-cell activities. We first addressed
the cell-contact-dependence of this phenomenon by employing a
classical transwell system. We observed that the inhibition of v4-
cell proliferation by Treg was abolished when the two popula-
tions were separated by a cell-impermeable membrane (Fig. 5A).
To gain further insight into this cell-contact-dependent mechan-
ism, we considered that Treg could induce vyd-cell apoptosis
through a Perforin [33]/Granzyme [34]-mediated mechanism.
Although we could indeed detect significant expression of
granzymes in yd:Treg, but not in yd:Teff, co-cultures (Fig. 5B),
we did not observe an increase of apoptotic (Annexin V*) v cells
in yd:Treg samples when compared with controls (Fig. 5C). In
particular, most yd T cells that did not proliferate in y8:Treg co-
cultures remained negative for Annexin V (Fig. 5D). We therefore
propose that Treg-induced apoptosis is not a major factor in the
suppression of yd-cell responses, and that instead yd cells are
rendered “anergic” (unresponsive to TCR stimulation) through
the delivery of inhibitory signals from Treg. However, when
we used a specific mAb to GITR in yd:Treg co-cultures, we
could observe a significant and dose-dependent restoration of
vé-cell proliferation (Fig. 5E and F). In contrast, IL-10 (Fig. 5E),
TGF-B or their combination (data not shown) blockade had no
effect in these assays, which is consistent with suppression being
cell-contact-dependent.
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Figure 4. In vivo suppression of y5-T-cell expansion. y8 cells (isolated from B6.Tcra/~ mice) were injected together with CD4" T cells (from B6 mice)
into Rag2-deficient mice, and these were infected with P. berghei ANKA 1 day later. Each dot represents one animal. Expansion (A) and CD25
expression (B) of Teff or Treg populations analyzed in the spleen of the animals 4 days after co-injection with v§ cells. Percentages refer to
electronically gated “live lymphocytes” according to flow cytometry forward and side scatter parameters. (n = 3; ns, non-significant; ***p<0.001).
(C) Abundance of y5 cells in the spleens analyzed in (A and B) (n = 3; **p<0.01). (D) B6 (black bars) or B6.Tcra~/~ (white bars) mice were infected with
P. berghei ANKA and their spleens were collected after 3 days. Total y3 cell counts per spleen were estimated by flow cytometry (n = 3; ns, non-
significant; *p<0.05; **p<0.01). Data are representative of two independent experiments (each involving three animals).

We next asked if Treg-mediated suppression of y3-T-cell
cytokine production was also sensitive to GITR modulation. We
detected a partial recovery in IFN-y and IL-17 production upon
o-GITR mAD treatment of y3:Treg co-cultures (Fig. 5G). Of note,
a-GITR mAD treatment had no direct inhibitory effect on y8-T-cell
proliferation (Supporting Information Fig. 3) or cytokine
production (Fig. 5G); in fact, «-GITR mAb treatment appeared to
stimulate IFN-y/IL-17 double producers (Fig. 5G).

Our data collectively demonstrate that murine y3-T-cell
effector functions and expansion upon activation are very effec-
tively inhibited by of Treg through a contact-dependent
mechanism that can be partially abrogated by manipulating GITR
signals.

Discussion

The thymus produces functional of nTreg and yd T cells from
common early precursors that follow distinct developmental
pathways [7, 26] but that end up sharing the unconventional
property of being positively selected on high avidity signals
[35-38], which presumably reflects their self-reactivity [21, 39,
40]. While the different homing properties of the two T-cell
subsets may prevent their interaction in various tissues, v cells
may often come into contact with Treg in peripheral lymphoid
organs, namely the spleen and lymph nodes (Supporting
Information Fig. 4). However, the outcome of such interactions
is largely unknown, particularly in the mouse system, where Treg
functions have been otherwise extensively dissected [21]. This

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

study provides a first detailed characterization of the suppressive
effects of murine Treg on yd-cell activity.

The potent cytotoxicity and cytokine production properties of
vé T cells potentially justify their evolutionary conservation and
have fueled the development of y3-T-cell-based therapies. Our
results clearly demonstrate that these effector functions, along
with cell expansion upon activation, are severely impaired when
vd cells come into contact with Treg. Importantly, this happens
at ratios (close to 1:1) that mimic their relative physiologic
abundance (Supporting Information Fig. 4). Furthermore, both
functional subsets of yd T cells that we have recently described
[7] are effectively suppressed by Treg. Thus, by showing that all
major effector functions attributed to murine v cells are strongly
inhibited by Treg, our data significantly add to the particular
parameters scored in previous human studies [11, 24, 29]. Of
note, the employment of naive mice raised in specific pathogen-
free housing conditions allowed us to assign these effects to either
nTreg or iTreg (see Fig. 2), which would be essentially impossible
to do in human volunteers.

Although multiple molecular events have been proposed to
explain Treg suppression of immune cell (particularly afi Teff)
functions [13], none is able to account for all aspects of Treg
activity, and it is therefore likely that combinations of various
mechanisms operate at any given time. Treg can interact with other
immune populations via soluble factors and/or via cell-contact-
dependent mechanisms. Whereas in vivo studies have suggested a
major role for soluble factors, such as IL-10 [41], TGF-B [42], or
IL-35 [43], most in vitro experiments described a cell-contact-
dependent mechanism, involving CTLA-4 [44, 45], GITR [46],
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Figure 5. Cell-contact-dependent, GITR-mediated inhibition of y3-T-cell proliferation by of Treg. (A) Proliferation of CFSE-labeled y3 cells (isolated
from B6.Tcra ™/~ mice) in co-cultures of with Treg (from B6 mice) at 1:1 ratio, in the absence (black filling) or presence (white filling) of a transwell
cell-impermeable membrane. (B) Real-time quantitative PCR for Granzyme A and Granzyme B in cells obtained from 24h cultures of v3
T cells, alone or together with either Teff or Treg at 1:1 ratio. Gene expression was normalized to the housekeeping gene Efal. (C) Percentage of
Annexin-V* cells in 3-day co-cultures of v3 cells with either Teff or Treg at 1:1 ratio. (D) Percentage of Annexin-V"' cells in 3-day co-cultures
(identical to (B)) using CFSE-labeled v§ cells. (E) Proliferation of CFSE-labeled v§ cells alone or in co-cultures with Treg at 1:1 ratio. Where noted,
specific mAb against GITR or IL-10R were added separately or together (“both”) to the cultures. Indicated is percentage of divided y3 cells after 3
days, as evaluated by flow cytometry. (F) Effect of increasing amounts of anti-GITR mAb on yd-cell proliferation (as in (E)). Indicated is the
percentage of non-divided y5 cells. Data show mean+SD (n = 3). (G) Intracellular staining for IFN-y and IL-17 expression in CD27" (upper panel) or
CD27~ (lower panel) y3 cells, alone or in co-culture with Treg at 1:1 ratio. Where noted, 100 pg/mL of anti-GITR mAb was added to the cultures. Data

are representative of two to three independent experiments.

Perforin [33], or Granzyme B [34]. Our data suggest that Perforin/
Granzyme-induced apoptosis does not play a major role in Treg-
mediated suppression of mouse y3-T-cell activity. Contrary to a
previous report on human y3 T cells [11], we failed to observe an
effect by blocking murine IL-10; this is consistent with the
requirement for cell-cell interactions that transpires from our
transwell experiments. Importantly, our results demonstrate that
the modulation of GITR signals can partially reverse the suppressive
effect of Treg on yd-T-cell proliferation and cytokine production.
GITR is a Treg-biased gene product [47, 48] that binds a ligand
(GITR-L) expressed on endothelial and APC [49]. The administra-
tion of a-GITR mAb was previously shown to induce autoimmune
manifestations in mice [48], and to abrogate Treg-mediated
suppression of Teff activity in vitro [47, 48]. This was possibly due
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to GITR triggering rather than blocking, as the effect of the anti-
body was mimicked by GITR-L fusion proteins [46, 50]. However,
cross-linking of GITR was later shown to co-stimulate both Treg
and Teff [50-52]. Therefore, the precise mechanistic involvement
of GITR in Treg-mediated suppression remains under scrutiny [49].

Future lines of research should address Treg suppression of
v8-T-cell functions in animal models of tumor rejection, where
the potential of GITR modulation should also be assessed and the
dynamics of these two lymphocyte populations in human
pathology examined, particularly as circulating human Treg
frequencies and y4-T-cell numbers have been inversely correlated
in cancer patients [24].

The unique responsiveness of the major yd cell subset
(Vy9Vd2) of human peripheral blood to non-peptidic phophory-
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lated intermediates of isoprenoid biosynthesis pathways (phos-
phoantigens) [53] is the basis of current immunotherapy strate-
gies involving vd cells. Not only are phosphoantigen-activated
Vy9V62 cells high producers of Thl cytokines and very cytotoxic
against a variety of tumors [54], but they can also induce DC
maturation [55], and even perform as CD80/86-expressing APC
[56]. While the recent characterization of (E)-4-hydroxy-3-
methyl-but-2-enyl pyrophosphate as a very potent agonist of
Vy9V62 responses [57, 58] strengthens the principle of yd-cell-
based immunotherapy, the data we report here, by clarifying how
vo-cell activities can be negatively modulated, stress the impor-
tance of combining Treg inhibition with y3-cell activation for
future immunotherapeutic strategies.

Materials and methods

Mice

C57BL/6 (used as source of off and yd-T-cell populations) and
B6.TCR-a-deficient mice (source of yd T cells), previously obtained
from Jackson Laboratories, were bred and maintained in specific
pathogen-free conditions, and used at 5-10wk of age. All experi-
ments involving mice were performed in compliance with the
relevant laws and institutional guidelines and have been approved by
the Instituto de Medicina Molecular animal ethics committee.

Cell isolation and flow cytometry

Single-cell suspensions were obtained from lymph nodes and
spleen, after lympholyte M (Cerderlane Laboratories) gradient
centrifugation. For APC, erythrocyte-depleted splenocytes were
treated with mitomycin C (25 ug/mL; Sigma) at 37°C for 1h. Cells
were surface stained with anti-TCR-6 (GL3), anti-CD4 (RM4-5),
anti-CD25 (PC61), and anti-CD27 (LG.7F9), all from BD Bios-
ciences, for 15min on ice. Cells were analyzed on FACS Calibur
(data analyzed on FloJo) and sorted on FACSAria (BD Biosciences).

In vitro generation of “inducible” Foxp3™ T cells

Sorted CD4"CD25~ cells were incubated for 3 days on plate-
bound anti-CD3¢ (10 pg/mL; 145.2C11; BD Phaewigen) with IL-2
(100U/mL; Sigma) and TGF-B (5ng/mL; R&D Systems). To
confirm the “conversion”, intracellular staining for Foxp3 protein
was performed using a commercial kit (eBiosciences) and
analyzed by flow cytometry.

In vitro proliferation assays

Sorted v0-T-cell responders were labeled with 5uM CFSE
(Invitrogen) for 5min at room temperature and washed with
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RPMI 1640 (Invitrogen) supplemented with 10% FBS. In total,
25 % 10% v8 T (or Teff) cells were co-cultured in a 96-well round
bottom plates in the presence of APC (10°) with variable ratios of
Treg or Teff and 0.5 png/mL anti-CD3e (145.2C11; BD Pharmigen)
and 20ng/mL IL-7 (PeproTech) in RPMI 1640 with 10% FBS.
Co-cultures of 25 x 10% Teff with or without Treg in the same
conditions described above were used as controls. After 72h, CFSE
dilution was assessed by flow cytometry. To assess apoptosis, cells
were stained with 1:50 dilution of APC-labeled Annexin V (BD
Biosciences) in 1x Annexin binding buffer (BD Biosciences).
Where noted, a 96-well transwell plate (Costar) with a 0.4pm
membrane support was used to separate cell populations in 3-day
co-cultures. When noted, the following antibodies were added at
saturating concentrations (100-200 pg/mL) to the cultures: anti-
GITR (YGITR 765.4.2), anti-IL10R (1B1.2), and anti-TGF-§ (clone
1D11), all kindly provided by Hermann Waldmann (Oxford, UK).

Cytokine production

For intracellular staining, cells were stimulated with PMA (50 ng/
mL) and ionomycin (1pg/mL) for 4h at 37°C, 10pg/mL
BrefeldinA (Sigma) was added during the last 2h, cells were
fixed (15min, 4°C) in 2% paraformaldehyde, permeabilized
(30min, room temperature) with 0.5% saponin, and finally
stained with indicated antibodies. For evaluation of secretion, the
Mouse Inflammation Cytometric Bead Array kit (BD Biosciences)
was used according to the manufacturer’s instructions. Cells were
seeded at 2 x 10° cells/well, culture supernatants were labeled,
and analyzed on a FACSCanto (BD Biosciences).

Cytotoxic assays

v8 T cells were co-cultured with APC and 1pg/mL anti-CD3
antibody for 3 days and then mixed with 1M DDAOse-labeled
(10min at 10°C) P815 target cells at indicated ratios, in the
presence of 1ug/mL anti-CD3 antibody. Redirected lysis was
performed for 4h and target apoptosis was evaluated by Annexin
V staining.

RNA extraction and real-time quantitative PCR

RNA from 5x 10° cultured cells was extracted using TRIzol
(Invitrogen) and treated with Rnase-free RQ1DNase (Promega).
Production of cDNA was carried out using Superscript II Reverse
transcriptase following the manufacturer’s instructions; 145.2C11;
BD Pharmingen. All PCR were preformed in the Rotor Gene 6000
(Corbett Research) in a conventional 50-cycle program.

Primers used in the quantitative PCR assays were:

IFN-y, Fwd: 5-TAGCTCTGAGACAATGAACGCTAC-3'; IFN-y, Rev:
5'-TCCTCCAGATATCCAAGAAGAGAC-3'; IL-17, Fwd: 5-TGTGAAG-
GTCAACCTCAAAGTC-3'; IL-17, Rev: 5'-AGGGATATCTATCAGGGTC-
TTCATT-3'; Granzyme A, Fwd: 5'-TGAGAGAAGTCAACATCACTGTC-
A-3'; Granzyme A, Rev: 5-GCAAAATACCATCACATAGCAGAG-3';
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Granzyme B, Fwd: 5'-CTAAAGCTGAAGAGTAAGGCCAAG-3'; Gran-
zyme B, Rev: 5-GATCCTTCTGTACTGTCAGCTCAA-3'; IL-2, Fwd:
5'-GCTGTTGATGGACCTACAGGA-3'; IL-2, Rev: 5'-TTCAATTCTGT-
GGCCTGCTT-3; Efal, Fwd: 5-ACACGTAGATTCCGGCAAGT-3';
Efal, Rev: 5'-AGGAGCCCTTTCCCATCTC-3'.

Gene expression was quantified by the standard curve
method, normalized to Efal, and expressed in arbitrary units.

Malaria infection

Mice were infected intraperitonially with 10° GFP-transgenic
P. berghei ANKA-infected red blood cells, and parasitemia was
evaluated [30] by flow cytometry at day 3. Single-cell suspension
was obtained from lymph nodes and spleen; cells were then stained,
sorted, and cultured as described in the cell isolation and flow
cytometry section.

Adoptive transfer and in vivo T-cell expansion

Sorted v3 (5 x 10°) cells were stained with CFSE as described in
in vitro proliferation assays section and were co-injected intrave-
nously with either 10° Teff or Treg into Rag2-deficient mice. After
24h, the mice were infected intraperitonially with 10° P. berghei
ANKA-infected red blood cells. Splenocytes were collected at day 3
post-infection and proliferation of yd cells was accessed by flow

cytometry.

Confocal microscopy

Spleen tissue sections of 20 um were fixed in acetone and then fixed
and permeabilized using a Fixation/Permeabilization buffer (eBio-
sciences). The following antibodies were used for staining: anti-
mouse y6 TCR-biotin (clone UC7-13D5) (eBiosciences), streptavi-
din-Alexa Fluor 568 (Molecular Probes, Invitrogen), rabbit anti-GFP
(Abcam) and donkey anti-rabbit Alexa Fluor 647 (Molecular Probes,
Invitrogen). Nuclear DNA content was detected with DAPI
Fluoromount G (Southern Biotech). Immunofluorescence micro-
scopy was performed with a LSM 510 META confocal microscope
(Zeiss). Separate images were collected with a 63 x objective for
each fluorochrome and then overlaid to obtain a multicolor image.

Statistical analysis
The statistical signicance of differences between populations was

assessed using Student’s t-test; p values below 0.05 were
considered signicant.
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Tumours develop in vertebrate organisms endowed with immune
systems that are potentially able to eradicate them. Nevertheless,
our ever-increasing understanding of the complex interactions
between lymphocytes and tumour cells fuels the long-standing
hope of developing efficient immunotherapies against cancer. This
review focuses on a versatile family of proteins, the major histo-
compatibility complex class Ib, which has been recently impli-
cated in both the establishment of anti-tumour immune responses
and in tumour immune response evasion. We focus on a subset of
class Ib proteins, human leukocyte antigen (HLA)-G, Qa-2, CD1d
and NKG2D ligands, which bind to either stimulatory or inhibitory
receptors expressed onT, natural killer (NK) and NKT lymphocytes,
and thereby modulate their anti-tumour activity.
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Introduction

Paul Ehrlich’s discoveries 100 years ago seduced immunologists
with the idea that cytotoxic cells are able to eliminate tumours,
much like they destroy virus-infected cells. In the 1950s, MacFarlane
Burnet proposed that the immune system surveys cellular transfor-
mation and prevents the development of tumours (Burnet, 1957).
This ‘tumour surveillance hypothesis’ has prompted the identifica-
tion of a panoply of tumour-specific or tumour-enriched peptides
over the past 20 years. These peptides are presumably the antigens
presented by classical major histocompatibility complex (MHC)
molecules to the cytotoxic T lymphocytes (CTL) of the adaptive
immune system, particularly T-cell receptor (TCR) ap* CD8* cells.
Although their identification allowed the development of tumour
vaccines—which are being assayed in clinical trials—the overall
success of such immunotherapeutic strategies has been limited by
the common downregulation of such antigens and/or their MHC
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class la presentation elements in advanced tumours. However, can-
cer immune surveillance is likely to involve both the adaptive and
the innate immune systems, as is true for host immunity to patho-
gens. Indeed, many reports have illustrated the capacity of innate
lymphocytes, y8 T, natural killer (NK) and NKT cells, to detect and
destroy tumour cells independently of classical MHC presentation
(Girardi etal, 2001, 2003; Smyth et a/, 2001; Street et al, 2004).

The molecular mechanisms responsible for the immune rec-
ognition of tumour cells are still the subject of much debate.
However, recent data has highlighted the many roles played by
members of a plastic protein family: the non-classical or class Ib
MHC (MHC Ib). MHC Ib molecules are structurally related to class
la proteins because they show a typical (a1-a2) MHC fold on a sin-
gle polypeptide, which, in the case of Ib, does not pair up obligato-
rily with f2-microglobulin (Rodgers & Cook, 2005). Furthermore,
although many MHC Ib genes are also located in the MHC locus,
they tend to be oligomorphic—few alleles exist in the popula-
tion—which is in marked contrast with the extensive polymor-
phism of class la. The oligomorphism of class Ib might therefore
be an advantage for the design of cancer therapies with a wider
application within the cancer patient population. Amino-acid
sequence identity/homology is not a useful criterion to establish
relationships between class Ib members, as functional equivalents
across species—for example, proteins that bind to a given recep-
tor—are often not orthologous. Some class Ib genes are in fact
more closely related to class la genes in evolutionary terms than to
other class Ib members (Rodgers & Cook, 2005). MHC Ib proteins
have been largely shown to bind to stimulatory or inhibitory recep-
tors expressed on T, NK and/or NKT lymphocytes (Fig 1); there are,
however, a few exceptions such as the haemochromatosis antigen
(HFE) or the neonatal Fc receptor (FcRn).

Here, we focus on the ability of some MHC Ib proteins to act
as ‘reporters’ of cellular transformation and trigger anti-tumour
immune responses. We have selected three examples to illustrate
the various mechanisms by which MHC Ib can activate or inhibit
anti-tumour lymphocytes.

Qa-2 and HLA-G present peptides to CD8*T cells

Murine Qa-2 and human leukocyte antigen (HLA)-G are ‘young’
MHC Ib proteins in that they diverged from MHC la less than 20
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million years ago, and therefore have many similarities with the
classical la molecules: they present a repertoire of nonameric pep-
tides, contain a CD8 binding loop, associate with p2-microglob-
ulin (B2m), display similar exon-intron organization and even
share a high degree of amino-acid sequence homology (Seliger
et al, 2003).

The murine Qa-2 region, located in the H2-Q class Ib locus,
encodes the proteins Q8 and Q9 in C57BL/6 (B6) mice, which dif-
fer from each other by 20 amino acids located in the a1 and a2
domains. These proteins have overlapping peptide-binding motifs
and are recognized by cross-reactive anti-tumour CTLs, and there-
fore appear to be functionally equivalent (Chiang & Stroynowski,
2006). Surface expression of Qa-2 molecules requires a functional
TAP (transporter associated with antigen processing) peptide trans-
porter (Tabaczewski et al, 1994) and is dependent on ERAP1 (endo-
plasmic-reticulum-associated peptidase 1) processing, suggesting
that peptides loaded onto Qa-2 molecules are generated through the
conventional class la antigen-processing pathway (Yan et al, 2006).
Qa-2 transcripts are widely expressed at low levels in healthy tis-
sues, both in haematopoietic and in non-haematopoietic cell types
(Ungchusri et al, 2001). However, Q9 expression was found to be
lost or severely reduced in a large panel of in vivo-derived tumour
cell lines, including cells derived from T- and B-cell lymphoma,
mastocytoma, melanoma and hepatoma (Ungchusri et al, 2001).
Serological and reverse-transcriptase-PCR (RT-PCR) analyses have
also shown that the primary B16 melanoma tumour cell line and
all its variants had no Q8 and Q9 expression, whereas the control
melanocyte line was positive for these antigens (Chiang et a/, 2003).
These results suggest that Q8 and Q9 expression is silenced early
during tumour progression.

Several in vitro and in vivo studies have nonetheless shown
Q9 involvement in tumour rejection. Syngeneic B6 mice injected
with the B78H1 melanoma cell line—selectively devoid of TAP2
and class la (Kb and Db) transcripts and genetically manipulated
to re-express Q9 on its surface—were protected from melanoma
outgrowth, unlike mice challenged with class la-negative B78H1
or with TAP2-transfected parental melanoma cells (Chiang et al,
2003). Subsequent studies have shown CD8* CTL involvement in
Q9-mediated protection from melanoma development, as pro-
tection is lost in CD8 knockout and severe combined immuno-
deficiency (SCID) mice, but not in CD4 knockouts (Chiang &
Stroynowski, 2004). Furthermore, it was demonstrated that mice
surviving the original challenge became resistant to subsequent
doses of Q9-positive melanoma, suggesting that Qa-2 acted as
a restriction element for anti-tumour CD8* T cells, and that both
effector and memory cells were generated in immunized mice
(Chiang & Stroynowski, 2004). Q9-restricted CTL responses able
to recognize lung carcinoma and T-cell lymphoma have also been
observed (Chiang & Stroynowski, 2005). In addition, Q9 was
shown to act as a restriction element for a tumour antigen common
to these tumours and melanoma. It was observed that CTL clones
raised in response to a challenge with Q9-expressing 3LLA9F1
lung carcinoma, RMA T-cell lymphoma or GMQ9TAP B78H1
melanoma efficiently killed all of these tumours in cytotoxicity
assays in a Q9-restricted manner. This also suggests that CTLs gen-
erated in the primary response establish a pool of memory cells
that exhibit cross-reactivity against various tumours (Chiang &
Stroynowski, 2005). Qa-2 proteins are also recognized by NK
lymphocytes, and these have been shown to be essential for the
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Fig 1 | Major histocompatibility complex class Ib proteins bind various
immunoreceptors. Listed are major histocompatibility complex class Ib

(MHC Ib) molecules for which receptor binding has been well characterized.
Conventional T-cell receptors (TCRs) are those of polyclonal ap T cells;
unconventional TCRs correspond to oligoclonal T-cell subsets, such as natural
killer (NK) T cells (for CD1d), y8 T cells (T10/T22, MICA/B) or gut-associated
T cells (MR1). Proposed functional homologues between mice and humans are
in the same row. H60, histocompatibility antigen 60; HLA, human leukocyte
antigen; MICA/B, MHC class I chain-related peptides A/B; Rael, retinoic acid
early inducible gene 1; ULBP, UL16 binding protein.

rejection of large doses of Q9-positive melanoma cells even in the
presence of a CTL response (Chiang et al, 2003). Therefore, it will
be important to analyse the interplay between CD8* T and NK cells
in Qa-2-dependent anti-tumour responses.

Although there is no human orthologue of Qa-2, some have sug-
gested HLA-G is its functional homologue as both proteins have
immunoregulatory roles, are involved in embryonic development,
and exist in membrane-bound and soluble forms that arise by alter-
native splicing (Comiskey et al, 2003). HLA-G expression is aug-
mented in various tumours, including melanomas, breast, renal,
ovarian and lung carcinomas, gliomas, B and T non-Hodgkin lym-
phomas, acute leukaemias and colorectal cancers (Rouas-Freiss
etal, 2005). However, it is important to note that HLA-G expression
is not detected in all tumours; for example, HLA-G expression has
been reported in ocular tumours such as retinoblastoma, whereas it
has not been detected in uveal melanomas, even after treatment
with interferon-y (IFN-y; Hurks et al, 2001). HLA-G expression is
highly inducible and cytokines, such as interleukin (IL)-10, leukae-
mia inhibitory factor (LIF), tumour necrosis factor-a (TNF-a) and
IFN-y, differentially regulate its transcription in several tumour cell
lines (Carosella & Dausset, 2003). Stress-inducing factors, such as
heat shock and arsenite treatment, also induce HLA-G transcription
in tumour cells (Ibrahim et al, 2000). Furthermore, it was recently
shown that HLA-G expression is regulated by hypoxia in a hypoxia-
inducible factor 1 (HIF1)-dependent manner (Mouillot et al, 2007).
HLA-GT protein expression can also be controlled at the post-
translational level because its levels on the cell surface of carci-
noma and melanoma cells are reduced upon activation of the
NF-kB signalling pathway (Zidi et al, 2006). Unlike HLA class |
genes, HLA-G expression is controlled by cis-acting epigenetic
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Perforin + granzymes

Fig2 | Anti-tumour responses mediated by CD1d-activated type I natural
killer T cells. After receiving activation signals from dendritic cells (DCs)—
through CD1d and IL-12—NKT cells can either lyse tumour cells directly
using the perforin/granzyme system or ligands for death receptors, or
stimulate other cytotoxic cells such as NK and CD8* T cells through IFN-y
secretion. IFN-y, interferon-y; IL-12, interleukin 12; NK, natural killer; NKT,
natural killer T cell; TCR, T-cell receptor; TRAIL, tumour necrosis factor-
related apoptosis inducing ligand.

mechanisms, such as DNA methylation/demethylation and histone
deacetylation/acetylation (Chang et al, 2003; Guillaudeux et al,
1995; Mouillot et al, 2005). For example, when cells of HLA-G pos-
itive melanoma tumours are subject to long-term in vitro culture,
their HLA-G expression levels decrease over time, correlating
with methylation of the HLA-G promoter. This suggests that lack of
exposure to tumour microenvironmental conditions might lead to
silencing of the gene (Chang et al, 2003).

Qa-2 expression in murine tumours makes them more sus-
ceptible to CTL-mediated lysis, whereas the aberrant expression
of HLA-G antigens by human tumour cells seems to constitute
an immune evasion mechanism. This would be analogous with
their function in trophoblasts, which is to protect the fetus from
maternal immune attack (Carosella et al, 2003). Indeed, several
lines of evidence have shown that HLA-G can inhibit anti-tumour
lymphocytes (Rouas-Freiss et al, 2005). First, HLA-G molecules
were shown to interact directly with inhibitory receptors present
on the surface of T (ILT-2) and NK cells (KIR2DL4, ILT-2), as well
as monocytes/macrophages and dendritic cells (ILT-2 and ILT-4).
Second, HLA-G molecules stabilize the cell surface expression
of other non-classical HLA molecules such as HLA-E, which con-
vey additional suppressive signals to lymphocytes through the
widely expressed CD94/NKG2A killing inhibitory receptor. Third,
HLA-G1 ligation decreases the secretion of IFN-y and TNF-a, which
are crucial for anti-tumour immunity (Rouas-Freiss et al, 2005).
Fourth, antigen-presenting cells (APCs) that express HLA-G1 were
shown to induce CD4* T-cell anergy and to trigger their differen-
tiation into suppressor cells that block CTL function (LeMaoult
et al, 2004). This effect could either be a consequence of the inter-
action of HLA-G with an unknown receptor expressed by CD4*
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T cells, or an inhibitory effect of HLA-G on the APCs themselves.
The HLA-G* APCs present in cancer patients might thus be partly
responsible for tumour immune escape owing to their suppressive
properties. Furthermore, soluble HLA-G5 has been directly impli-
cated in the inhibition of CD4* and CD8* T-cell proliferation. It
causes cell cycle arrest by altering the balance between inhibitory
molecules and cyclins, inducing the accumulation of p274P and the
reduction of cyclins D2, E, A and B (Bahri et al, 2006). Recently, it
has also been shown that HLA-G molecules are transferred from
tumour cells to activated NK cells by trogocytosis (Caumartin et al,
2007), which consists of the rapid transfer of intact cell-surface pro-
teins between cells in contact with each other. The acquisition of
HLA-GT by NK cells blocks their proliferation and cytolytic func-
tion owing to its interaction with ILT2 on other NK cells and there-
fore induces a temporary state of immunosuppression in the NK-cell
population (Caumartin et al, 2007). Consistent with its immuno-
evasive role, HLA-G expression in some malignancies, such as
colorectal cancers, correlates significantly with increased depth of
invasion, histological grade, lymph nodal metastasis and clinical
stages of the disease, suggesting that its presence could act as an
independent prognostic factor for cancer patients (Ye et al, 2007).

Despite the vast amount of data, the role of HLA-G as an inhibi-
tory ligand for anti-tumour lymphocytes remains controversial.
For example, the main NK cell receptor for HLA-G, KIR2DL4, can
also function as an activating receptor. Indeed, KIR2DL4 engage-
ment has been reported either to inhibit cytotoxicity (Ponte et al,
1999) or to promote cytotoxicity and IFN-y secretion (Kikuchi-Maki
et al, 2003; Rajagopalan et al, 2001). Therefore, the elucidation
of the functional consequences of HLA-G ligation, as well as the
specific roles of membrane-bound and soluble forms of the protein
(Morandi et al, 2007), require further investigation.

CD1d presents lipids to NKT cells

CD1d, a conserved member of the small CD1 protein family,
presents lipid/glycolipid—instead of peptidic—antigens to TCR af
complexes expressed by anti-tumour NKT cells in mice and humans
(Godfrey et al, 2004). The dependence on CD1d for development
and activation is the defining characteristic of NKT cells, which also
express NK-cell-associated surface markers. NKT cell subsets can
be further characterized by their TCR repertoire: type | NKT cells
express an invariant TCR (using the Va14Ja18 gene segments in mice
and the Va24 segment in humans), whereas type Il cells display a
more diverse repertoire (Godfrey et al, 2004). Although NKT cells
are endowed with cytolytic factors that eliminate tumour cells such
as perforin, Fas-ligand and TRAIL (tumour necrosis factor-related
apoptosis inducing ligand) (Kawano et al/, 1998), they also secrete
large amounts of IFN-y, which, in turn, stimulates anti-tumour NK
and CD8* CTLs (Smyth et al, 2002; Fig 2).

CD1d can present various ligands to NKT cells (Zhou et al, 2004;
Kinjo et al, 2005; Mattner et al, 2005), including tumour-derived lip-
ids and glycolipids (Brutkiewicz, 2006). For example, the disialo-
ganglioside GD3 is strongly upregulated in some tumours such as
melanomas and can be cross-presented by CD1d-expressing murine
APCs to NKT cells (Wu et al, 2003). Furthermore, some glycolipid
fractions of tumour cell membranes are presented by CD1d and
activate NKT cells (Gumperz et al, 2000). However, it has also
been shown that glycolipid shedding by tumour cells can inhibit
CD1d-mediated recognition of the tumour target (Sriram et al,
2002). Although the repertoire of transformation-induced glycolipids
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Table 1 | mRNA/protein expression patterns for NKG2D ligands
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NKG2D ligand Basal Augmented*
MICA/B (human) Protein in gastrointestinal epithelium, endothelial cells, Protein in melanoma, myeloma, lymphoma, and colon, breast,
fibroblasts; mRNA in keratinocytes lung, liver, ovary, kidney and cervical carcinomas
Soluble protein in placenta Soluble protein in gastrointestinal and prostate cancers,
lymphomas and neuroblastoma
ULBP (human) ULBP1, 2,3 mRNA in heart, brain, lung, liver, thymus, Both mRNA and surface protein in melanoma, various

testis, lymph nodes, tonsils and bone marrow

ULBP4 mRNA mainly in skin and small intestine

leukaemias and carcinomas (stomach, colon, cervical and
ovarian carcinomas for ULBP2 and ULBP3); ULBP1 and ULBP2
in T-cell lymphomas

Rael (mouse) mRNA in embryonic tissues

mRNA absent (or very rare) in healthy adult tissues

mRNA and surface protein in lymphomas, lung, prostate
and cutaneous carcinomas (variable)

H60 (BALB/c mouse)
but generally absent in healthy adult tissues

mRNA in embryonic tissues, adult thymus and spleen,

Both mRNA and surface protein in lymphomas, prostate
and cutaneous carcinomas (variable)

Multl (mouse)
and lung

mRNA in thymus, spleen, lymph nodes, liver, gut, heart

mRNA in T-cell lymphomas and sarcomas

*‘Augmented’ refers to transcription induction or increased surface protein expression, relative to ‘basal’ levels present in healthy tissues (Raulet, 2003, and references therein).
H60, histocompatibility antigen 60; MICA/B, MHC class I chain-related peptide A/B; MULT1, murine UL16-binding protein-like transcript 1; Rael, retinoic acid early inducible gene 1;

ULBP, UL16-binding protein.

presented by CD1d remains to be characterized, a-galactosylcer-
amide (a-GalCer), which is extracted from the marine sponge Agelas
mauritianus, is the most potent stimulator of NKT cells known so far
and has proven to be effective against a wide range of tumours.
a-GalCer protects against the development of primary sarcomas
induced chemically or owing to a lack of genetic tumour suppres-
sion (Hayakawa et al, 2003), as well as against metastasis of multiple
tumour cell lines: B16 (melanoma), EL4 (thymoma), Colon-26 (colon
adenocarcinoma), 3LL (lung carcinoma), RM-1 (prostate carcinoma)
and DA3 (mammary carcinoma) (Swann et al, 2004). In the absence
of CD1d—as in CD1d” mice—methylcholanthrene-induced sarco-
mas developed faster and at a higher frequency than in wild-type
mice (Crowe et al, 2002). Similar results were obtained using Ja187~
mice (Smyth et al, 2000; Crowe et al, 2002), which selectively lack
type | NKT cells, suggesting that these invariant lymphocytes are the
crucial subset responsible for tumour suppression. Not unexpect-
edly, the transfer of wild-type type | NKT cells into Ja187~ mice
resulted in protection from tumour development. Murine NKT
lymphocytes have been recently characterized as strikingly heter-
ogeneous in their response to tumours; type | NKT lymphocytes
eliminate CD1d* cells, whereas type Il NKT actually suppress
tumour immunity in several mouse tumour models (Terabe et al,
2005). It has been shown that downregulation of tumour immunity
by NKT cells might be accomplished through an IL-13 and TGF-g-
dependent mechanism that shuts down anti-tumour CD8* T lym-
phocytes (Terabe et al, 2003). Another group has also reported
differential anti-tumour effects by subdividing NKT cells according
to their tissue origin—thymus or live—and CD4 expression (Crowe
etal, 2005). Future research will therefore attempt to manipulate the
balance between distinct NKT cell subsets towards the promotion of
anti-tumour immunity.

Several studies of cancer patients suffering from a wide range
of tumours have shown decreased numbers of NKT cells in the
peripheral blood, as compared with healthy volunteers (Swann
et al, 2004). Furthermore, deficient NKT-cell production of IFN-y
has been associated with the progression from pre-malignant to
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malignant multiple myeloma, and the NKT dysfunction could be
corrected in vitro by culturing the NKT cells with a-GalCer-pulsed
dendritic cells (Dhodapkar et al, 2003). After the disappointing out-
come of the first clinical trial with soluble a-GalCer in patients with
solid tumours (Giaccone et al, 2002), the use of a-GalCer-loaded
dendritic cells has produced promising pre-clinical data in mice
(Fujii et al, 2002) and in phase | human clinical trials (Nieda et al,
2004; Ishikawa et al, 2005); phase Il trials are currently under way.

NKG2D ligands directly activate anti-tumour lymphocytes
The immunoreceptor NKG2D provides important stimulatory sig-
nals to NK and T cells (Bauer et al, 1999). In humans, NKG2D is
constitutively expressed on the cell surface of NK, CD8* T and y§ T
lymphocytes, but is absent from CD4* T cells and monocytes (Raulet,
2003). Several ligands for both the human and mouse NKG2D have
been identified and, surprisingly, there is low amino-acid sequence
homology between them. Human NKG2D binds to MHC [ chain-
related (MIC) peptides A and B (MICA and MICB), and to UL16-
binding proteins (ULBP, members 1-4). Mouse NKG2D binds to
retinoic acid early inducible gene 1 (Rael), histocompatibility anti-
gen 60 (H60), and murine ULT6-binding protein-like transcript 1
(MULT1). MICA/B, H60 and MULTT1 are transmembrane proteins,
whereas ULBP1-4 and Rae1 localize to the cell surface using glyco-
sylphosphatidylinositol (GPI) linkages. None of the NKG2D ligands
bind to additional—peptide or lipid—antigens but rather interact
directly with the receptor. In addition, in contrast to the MHC Ib
molecules described above, NKG2D ligands do not associate with
B2-microglobulin (Raulet, 2003). For some authors, the unorthodoxy
of NKG2D ligands prompts their formal designation as ‘MHC class
I-related” instead of MHC Ib (Sullivan et al, 2006).

The murine ligands Rael and H60 are rare in healthy adult tis-
sues, but their transcription is strongly induced in keratinocytes
after their in vivo exposure to carcinogens (Girardi et al, 2001),
and they are overexpressed in the cutaneous papillomas and car-
cinomas that subsequently develop, as well as in other tumours
(Table 1). The expression of Rael or H60 by target cells was shown
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to enhance cytolysis and the production of IFN-y by anti-tumour
CTLs (Diefenbach et al, 2000) and y8 T lymphocytes (Girardi et al,
2001), leading to tumour rejection in vivo. Furthermore, transfec-
tion of raeT or h60 or mult1 into NK-cell-resistant target cells made
them susceptible to NK-cell-mediated killing and stimulated IFN-
y secretion by NK cells (Carayannopoulos et al, 2002; Cerwenka
et al, 2000; Diefenbach et al, 2001). However, recent data sug-
gest that IFN-y can paradoxically downregulate H60 expression
in tumours (Bui et al, 2006). Future experiments should try to rec-
oncile these findings and elucidate the dynamics of H60 during
tumour development in vivo.

The human MICA and MICB proteins—which are 91% identical
at the amino-acid level—show a restricted and low expression in
healthy tissues, but are strongly induced by cellular stress (includ-
ing heat shock) and transformation, and accumulate in various
tumour cell lines, particularly those of epithelial origin (Table 1).
Atypically for MHC Ib molecules, the MIC genes are highly poly-
morphic: there are 61 MICA and 30 MICB alleles (Raulet, 2003).
Although MICA/B was suggested to bind not only to NKG2D,
but also to the Vy1* TCR expressed by human intraepithelial y§
T lymphocytes (Wu et al, 2002), this claim is highly controversial.
In fact, the identity of the majority of y§ TCR ligands remains an
unresolved biological issue in which MHC Ib proteins are expected
to have a crucial role (Steele et al, 2000; Sullivan et al, 2006;
Thedrez et al, 2007). The membrane-bound form of MICA provides
stimulatory signals to killer lymphocytes, whereas a soluble ver-
sion (sMICA), shed from the cell surface by matrix metalloprotein-
ases, systemically downregulates surface NKG2D and impairs
tumour cytolysis mediated by T and NK cells, therefore constitut-
ing an important immune evasion mechanism for tumours (Groh
et al, 2002; Salih et al, 2002).

Distantly related to the MIC proteins are the members of the
ULBP family (23-26% amino-acid identity). In contrast to Rae1 or
MICA, ULBPs are expressed at significant levels in a wide range of
healthy tissues and cell lines of both epithelial and nonepithelial ori-
gin (Table 1; Cosman et al, 2001). Ectopic expression of ULBP1 or
ULBP2 on murine EL4 or RMAtumour cells elicits potentanti-tumour
responses in syngeneic B6 and SCID mice, recruiting NK, NKT and
T cells to the tumour (Sutherland et al, 2006). Similarly, tumour
cells that are insensitive to NK cells can be lysed effectively when
transfected with ULBPs (Kubin et al, 2001).

Conclusion

In summary, NKG2D recognition of target tumour cells consti-
tutes a potent anti-tumour mechanism, but its clinical application
depends largely on the control and manipulation of the expression
of NKG2D ligands. Therefore, the mechanisms controlling their
specific regulatory signals need to be elucidated.

The immune system ‘sculpts’ tumours by selecting those that,
owing to their reduced immunogenicity, escape its recognition/
destruction. This process of elimination versus escape creates a
dynamic relationship that has been termed ‘cancer immunoediting’
(Dunn et al, 2002). Non-classical MHC proteins can function as
indicators of cellular transformation to anti-tumour lymphocytes,
either directly or through the presentation of endogenous antigens
that are (over-)expressed in tumours. Therefore, silencing MHC Ib
expression might be a major immune evasion mechanism used
by tumours, as described for Qa-2 during melanoma progres-
sion (Chiang et al, 2003). Another immune evasion strategy that
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involves MHC Ib proteins consists on the generation of soluble pro-
tein versions that block or internalize the corresponding receptors
on lymphocytes, as mentioned for MICA (Groh et al, 2002; Salih
et al, 2002). Similarly, the sustained surface expression of murine
Rael has also been shown to have an inhibitory effect on NKG2D-
expressing anti-tumour lymphocytes (Ogasawara et al, 2003;
Oppenheim et al, 2005). Furthermore, CD1d-restricted type Il NKT
cells downregulate anti-tumour immunity (Terabe et al, 2005),
whereas type | NKT cells promote tumour elimination. Such behav-
iour highlights the importance of determining the specific signals
delivered by MHC Ib proteins to manipulate them towards protec-
tion. We believe that a better understanding of the underlying reg-
ulatory mechanisms of MHC Ib will make it possible to engineer
vaccination approaches against various cancers that take advantage
of the oligomorphism of most MHC Ib molecules.
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