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Abstract

ABSTRACT

Anti-tumour immune response and the success of cancer immunotherapy depend
on the recognition of cancer cells by cytotoxic T lymphocytes (CTLs), which, in turn,
depends on the proper HLA class I expression on the cell surface of malignant cells.
Tumour associated antigens (TAA) and tumour specific antigens (TSA) derived from
the intracellular processing of aberrant proteins as a result of somatic mutations, bind to
HLA class I molecules and induce activation of CTLs after direct interaction with T-cell
receptors (TCR). Tumour cells frequently develop escape mechanisms to avoid
recognition by the immune system which creates an advantage for tumor growth and

dissemination.

One of the most widely studied immune escape mechanisms is the loss of HLA-I
expression, which is found with high frequency in tumours of different histological
origin and often correlates with poor prognosis and resistance to therapy. Although
HLA-I aberrations have been widely reported in cancers of different histotype, some
types of malignancies, including prostate cancer, are still poorly studied with limited
information regarding frequency of HLA-I loss and the implicated molecular

mechanisms.

HLA-I alterations can be classified into distinct phenotypes ranging from total
loss of expression to partial loss of locus or allele. Based on the nature of the associated
molecular defects, they can be also grouped into two groups: reversible regulatory
(‘soft’) alterations, and irreversible structural (‘hard’) alterations. Clinical implications
of “hard” lesions are considered more serious due to they can not be recovered by the
use of cytokines or immunomodulatory treatments. In such cases, gene therapy, with the

introduction of a wild type HLA gene using viral vectors becomes an attractive strategy
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for HLA recovery. In this context, selection of an appropriate vector is becoming
increasingly important. Since HLA-A2 is the most common HLA-I allele in Caucasian
population with widest tumor-associated peptide repertoire, and the loss of A2 allele
caused by the loss of HLA-I haplotype has been linked to cancer progression and
resistance to immunotherapy, we decided to develop a gene therapy approach aimed at

recovery/upregulation of tumor HLA-A2 expression using viral vectors.

In the present study, we analyzed HLA-I expression in 42 cryopreserved prostate
cancer samples, as well as the molecular mechanisms implicated in the loss of its
expression. Immunohistochemical analysis demonstrated that 88% of the studied
tumours have at least one type of HLA alteration. 50% of the samples showed complete
loss of HLA-I expression either with heterogeneous or totally negative pattern, with a
strong positive correlation with tumour relapse, perineural invasion and high D*Amico
risk. The rest of the studied tumours demonstrated locus and allelic losses in 26% and
12% respectively. Molecular analysis showed loss of heterozygosity (LOH) at
chromosome 6 (where HLA genes are located) in 32% of the studied tumours, while
only one tumour showed LOH in chromosome 15. mRNA expression analysis of
microdissected samples revealed that HLA-I negative tumours have significantly
reduced expression of Beta-2-microglobulin (52m), antigen processing machinery
(APM) components TAP2 and tapasin, and of the transcriptional regulator NLRC5, and
an apparent downregulation of LMP2, LMP7 and the Interferon Regulatory Factor
(IRF1), as compared to a control group of prostate benign hyperplasia (BH). These data
point to a coordinated downregulation of HLA and APM expression as the main
mechanism responsible for HLA loss, although large proportion of the studied tumors

also showed structural losses in chromosome 6.
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Moreover, we analyzed twelve previously unreported cell lines derived from
prostate tissue of patients with prostate cancer. FACS analysis revealed different types
of HLA-I aberrations, ranging from locus and/or allelic downregulation to a total
absence of HLA-I expression caused by a 480 pb deletion in one copy of f2m gene and
LOH in chromosome 15 harboring another copy. This is the first report of such f2m
defect in human prostate cancer. Use of cancer cell lines facilitates the study of HLA-I
alterations, as well as allow the manipulation of different factors implied in its

expression, modulating or even recovering HLA-I expression.

In the second part of the thesis, we analyzed the transduction efficacy of
different serotypes of adeno-associated vectors (AAV) and an adenovirus carrying the
green fluorescent protein (GFP) gene in several cancer cell lines of different histological
origin. The obtained results indicate that adenoviral vector gives the highest trasgene
expression, followed by AAV serotype 2 (AAV2). In addition, we constructed two new
recombinant vectors, adenoviral and AAV2, both carrying HLA-A2 gene, both of which
demonstrated high efficacy in an in vitro A2 gene transfer into human tumor cells of
different histotype. Using these vectors we were able to: 1) recover endogenous A2
allele in a cell line which had lost A2 expression due to a haplotype loss; 2) upregulate
HLA-A2 expression in cells with low baseline A2 level; and 3) introduce an additional
A2 allele into tumour cells that do not have it in their genotype. Moreover, adenovirus
mediated co-transfection of HLA-A2 and f2m demonstrated that the de novo expressed
proteins associate to form HLA-I/B2m complex on the cell surface, which gives an

option of correcting simultaneously multiple defect causing HLA-I loss

The high incidence of HLA-I loss observed in prostate cancer, caused by both
regulatory and structural defects, are associated with disease progression and may pose
a real threat to patient health by increasing cancer progression and resistance to T-cell-
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based immunotherapy. We could speculate that structural genetic aberrations are likely
to be continuously accumulating during cancer progression generating tumor escape
variants with lower immunogenicity. Our findings suggest that an effective
immunotherapy migh benefit from a complementary treatment using gene therapy to

bypass the selection and outgrowth of HLA-I-negative tumor cells.

The recovery of the endogenous missing HLA-I specificity may be beneficial in
the restoration of the natural HLA-I expression responsible for antigen-presentation
leading to increased tumour rejection by CTLs. Our results indicate that viral vectors
coding for HLA molecules represent a useful tool in upregulation of tumor HLA class I
expression which can be used to increase rejection of tumors harboring structural
genetic defects responsible for HLA class I loss. Tumor HLA-I upregulation may enable
cancer biologists to better understand how to specifically target CTL-mediated immune

responses and further improve therapeutic efficacy of cancer immunotherapy.
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Resumen

RESUMEN

La respuesta inmunologica antitumoral y el éxito de la inmunoterapia dependen
del reconocimiento de la célula tumoral por parte de los linfocitos T citotoxicos (CTLs),
que a su vez depende de la correcta expresion de las moléculas HLA de clase I (HLA-I)
en la superficie celular de las células tumorales. Los antigenos asociados a tumor (TAA)
o antigenos especificos de tumor (TSA), derivados del procesamiento intracelular de
proteinas anémalas resultado de mutaciones somaticas, se unen al complejo HLA-I e
inducen la activacion de CTLs tras el reconocimiento con el receptor de la célula T
(TCR). Sin embargo, con frecuencia las células tumorales desarrollan mecanismos de
escape que evitan que sean reconocidas por el sistema inmunitario, aportando una

ventaja para el crecimiento y diseminacion tumoral.

Uno de los mecanismos de escape mas ampliamente estudiados es la pérdida de
la expresion de moléculas HLA-I, que se encuentra frecuentemente en canceres de
distinto origen histoldgico, y ha sido asociada con la progresion tumoral y la falta de
respuesta al tratamiento. Aunque las alteraciones en la expresion de HLA han sido
estudiadas en diversos tipos de cancer, hay algunos tumores, entre los que se incluye el
cancer de prostata, en los que todavia existe controversia en cuanto a la frecuencia de

pérdida de HLA-I y en los mecanismos moleculares implicados en ella.

Las alteraciones de la expresion de HLA-I suele dividirse en diferentes fenotipos
segun el tipo de pérdida, que van desde pérdidas totales de expresion, a alteraciones
parciales como la pérdida de un locus o un alelo HLA. A su vez, teniendo en cuenta la
naturaleza del mecanismo molecular del que se deriva la alteracion, las pérdidas de
HLA pueden agruparse en lesiones reversibles/regulatorias (“soft”), o lesiones

irreversibles/estructurales (“hard”). Las implicaciones clinicas de los defectos
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estructurales se consideran mas serias debido a que no pueden recuperarse mediante el
uso de citoquinas o tratamientos inmuno-moduladores. En estos casos, la terapia génica,
con la introduccion del gen silvestre sano mediante vectores virales, se convierte en una
estrategia interesante para la recuperacion de HLA. En este contexto, la seleccion de un
vector apropiado es cada vez mas importante. Siendo HLA-A2 el alelo HLA-I mas
extendido entre la poblacion caucasica, teniendo uno de los repertorios mas amplios de
péptidos asociados a tumor presentados por dicho alelo y habiéndose descrito su pérdida
de expresion asociada a la progresion tumoral y a la resistencia a la inmunoterapia,
decidimos desarrollar una estrategia basada en la terapia génica con el objetivo de

incrementar o recuperar la expresion de HLA-A2 tumoral usando vectores virales.

En la presente tesis se ha analizado la expresion de HLA de clase I en 42
muestras crio-preservadas de cancer de prostata, asi como los mecanismos moleculares
implicados en la pérdida de su expresion. El andlisis inmunohistoquimico reveld que
cerca de un 90% de los tumores estudiados mostraba algin tipo de alteracion en la
expresion de HLA-I. Un 50% de las muestras presentaba una pérdida total de expresion
de HLA-I, ya fuera con un patron heterogéneo o un patrén totalmente negativo,
mostrando una asociacion con el incremento en la incidencia de recidiva tumoral,
invasion perineural y alto riesgo D" Amico. El resto de tumores mostrd perdidas de locus
y alélicas en un 26% y un 12% respectivamente. Los andlisis moleculares mostraron
que la pérdida de heterocigosidad (LOH) en el cromosoma 6 (donde se localizan los
genes HLA) era frecuente, detectandose en un 32% del total de muestras analizadas,
mientras que solo un tumor mostr6 LOH en el cromosoma 15. Los analisis de la
expresion de mRNA de las muestras microdisectadas revelaron que en los tumores HLA
negativos existia una reduccion significativa en los niveles de Beta-2-microglobulina

(52m), los componentes de la maquinaria de procesamiento antigénico TAP2 y tapasina,
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y el regulador NLRCS, y una reduccion aparente de LMP2, LMP7, y el factor regulador
del IFN (IRF1), en comparacién con un grupo control de muestras benignas de prostata
Estos resultados apuntan a una baja-regulacion coordinada de la expresion de genes
HLA y APM como el principal mecanismo responsable de la pérdida de HLA, aunque
una amplia proporcion de los tumores estudiados también presentaba defectos

estructurales en el cromosoma 6.

Ademas, se analizaron doce lineas celulares de prostata obtenidas de pacientes
que sufrian cancer prostatico, que no habian sido estudiadas previamente. El andlisis por
citometria de flujo revel6 diferentes tipos de aberraciones en la expresion de HLA-I, que
van desde pérdidas alélicas o de locus, a una pérdida total de expresion en una de las
lineas causada por una delecion de 480 pb en una de las copias del gen f2m, junto a una
LOH en el cromosoma 15 en la otra copia, siendo esta la primera mutacidon en f2m
descrita en cancer de prostata. El uso de lineas celulares cancerigenas facilita el estudio
de las alteraciones de HLA, asi como permite la manipulacion de diferentes factores

implicados en su expresion, modulando e incluso recuperando la expresion de HLA-L

En la segunda parte de la tesis, analizamos la eficiencia de transfeccion de
diferentes serotipos de vectores adeno-asociados (AAV) y un adenovirus portando el
gen de la proteina verde fluorescente (GFP) en diversas lineas celulares cancerosas de
diferente origen histologico. Los resultados obtenidos confirmaron que el vector
adenoviral ofrece una mayor transduccién del trasgén, seguido por el AAV serotipo 2
(AAV2). Ademas, se construyeron dos nuevos vectores recombinantes: un vector
adenoviral y un AAV2 portando ambos el gen HLA-A2, con los que conseguimos
transferir el gen de forma eficiente en células tumorales. Usando estos vectores fuimos
capaces de: 1) Recuperar la expresion de HLA-A2 en una linea celular que habia
perdido previamente A2 debido a una pérdida de haplotipo; 2) Incrementar la expresion
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de HLA-A2 en células con bajo nivel de expresion; 3) Introducir HLA-A2 como un
alelo adicional en células con un genotipo no HLA-A2. Ademas, la co-transfeccion de
HLA-A2 y f2m usando vectores adenovirales en lineas totalmente negativas para HLA-
I, demostro la expresion completa del complejo HLA-A2/B2m en la superficie celular,
dando opcion a corregir simultineamente multiples alteraciones estructurales que

causen pérdida de la expresion de HLA-I.

La alta incidencia de pérdidas de HLA-I observada en cancer de prostata,
causadas tanto por defectos regulatorios como por defectos estructurales, parece estar
asociados con la progresion de la enfermedad y puede resultar un impedimento para la
mejora de la salud del paciente, favoreciendo la progresion tumoral y la resistencia a las
inmunoterapias basadas en CTLs. Podriamos especular que las aberraciones
genéticas/estructurales se acumulan de forma continua durante la progresion tumoral,
generando variantes con baja inmunogenicidad que escapan del control inmunoldgico.
Nuestros resultados sugieren que una inmunoterapia eficaz se beneficiaria de un
tratamiento complementario basado en la terapia génica para eludir la seleccion y el

crecimiento de células tumorales HLA-I negativas.

La recuperacion de una especificidad endogena de HLA-I perdida podria ser
beneficiosa en la restauracion de la expresion natural de HLA-I responsable de la
presentacion del antigeno, y asi incrementar el rechazo tumoral por parte de los CTLs.
Nuestros hallazgos indican que los vectores virales que codifican moléculas HLA
pueden representar una herramienta conveniente para la re-expresion de HLA-I en
células tumorales, incrementado el rechazo de tumores que albergan defectos
genéticos/estructurales responsables de la pérdida de HLA-I. La regulacion positiva de

HLA-I podria permitirnos entender mejor como desarrollar una respuesta inmunitaria
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especifica mediada por CTLs y mejorar la respuesta terapéutica de la inmunoterapia

frente al cancer.
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Introduction

1- TUMOR IMMUNOLOGY

1.1 Immune recognition of cancer

It is well known that the innate and adaptive immune system protects the host
from foreign pathogens, and is generally tolerant towards self-antigens. In the context of
a growing tumor, the immune system is likely exposed to previously unseen antigens
arising from genetic abnormalities, so the immune system is able to recognize and
eliminate some tumors early in their development. Although it was already in 1909
when Paul Ehrlich proposed that the immune system in some way can identify and
remove nascent tumor cells in the organism (Ehrlich, 1909), it was not until 50 years
later when this early idea was revisited by Burnet and Thomas, proposing the concept of
“immunological surveillance of cancer”, describing that the immune system of the host
recognizes antigens of arising tumors and eliminates them before they become clinically
evident. Burnet proposed that tumor cell specific neo-antigens could provoke an
effective immunologic reaction that would eliminate developing cancers (Burnet, 1970;
Burnet, 1957, 1964). Alternately, Thomas theorized that complex long-lived organisms
must possess mechanisms to protect against neoplastic disease similar to those
mediating homograft rejections (Thomas, 1959). In the last years, many studies have
provided evidences supporting the theory of immunosurveillance. The evidence against
immunosurveillance was derived largely from an inability to detect remarkable
differences in cancer occurrence in athymic nude mice compared to their normal wild-
type equivalents (Stutman, 1974), and because cancer incidence in long-term
immunosuppressed organ transplant recipients was thought either not to be increased or

to be limited to cancers with a viral etiology.
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Since the athymic mice have a low population of aff T cells, a normal population
of v T cells, and a higher population of natural killer (NK) cells (Hayday, 2000;
Maleckar and Sherman, 1987; Pardoll, 2003) it is easy to think why several studies
failed to prove the immunosurveillance hypothesis when testing the prevalence of tumor
development in immunocompromised mice, only finding a higher rate of tumors
produced by virus when compared with controls (Grant and Miller, 1965; Sanford et al.,
1973; Stutman, 1974). The development of new murine models, like the Severe
Combined Immune Deficiency (SCID) mice, allow to perform new studies which prove
that the immune system can control also non-viral tumors, showing how SCID mice
develop more tumors than controls (Engel et al., 1997). Dighe and coworkers showed
that fibrosarchoma grows faster in mice treated with antibodies against interferon-y
(IFN-y) (Dighe et al., 1994), while Shankaran demonstrated that mice without perforin,
a main component of the cytolitic granules of citotoxic T cells, are more susceptible to
develop tumors (Shankaran et al., 2001). Proving the hypothesis in human was likewise
difficult, but still there are several evidences. First of all, both primary and acquired
immunodeficiencies are associated with higher cancer risk. Epidemiology studies show
that severe primary immunodeficiencies are associated with increased risk of
malignancy (Gatti and Good, 1971; Kinlen et al., 1985; Salavoura et al., 2008; van der
Meer et al.,, 1993), although is certain that most of them have a viral etiology.
Nevertheless, other immunosuppressed patients, like those infected by the HIV-1, show
elevated risk for cancer linked to oncogenic viruses, such as Kaposi sarcoma, Hodgkin’s
and non-Hodgkin’s lymphoma, cervical cancer, and liver cancer. These patients also
have higher risk of cancers that are not linked to oncogenic viruses, like lung cancer and
multiple myeloma (Clifford et al., 2005; Shiels et al., 2009). Moreover, cancer

incidence in HIV-infected patients was found to be inversely related to CD4+ T cell
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counts in blood, which supports the association between immunosuppression and
increased cancer risk (Guiguet et al., 2009). Other immunosuppressed patients, those
who have been administered with immunosuppressive drugs (cyclosporine A) after
organ transplantation, are also more prone to cancer development, in particular
lymphoma (Calne et al., 1978; Opelz and Déhler, 2004), but also cancers of colon, lung,
prostate, bladder, larynx and testis (Birkeland et al., 1995). Notably, most of the
lymphomas were associated with Epstein Barr virus infection (EBV); however,
lymphomas not associated with EBV infection have been also reported after
transplantation (Leblond et al., 1998). Thus, life-long treatment of organ transplant
recipients with immunosuppressive treatment leads to an increased risk for developing
different malignancies, some related to known infections, and other unrelated (lung
cancer and melanoma). In addition, quantity and quality of the immune cell infiltrate
represent an independent prognostic factor in human primary tumors (Fridman et al.,

2012).

A fundamental point of cancer immunology is how the Immune system can
recognize cancer cells and distinguish them from normal cells. The analysis of tumor
recognition by the immune system led to the discovery of new antigens presented by
tumor cells. Cancer cells harbor mutations in protein-coding genes that are specifically
recognized by the immune system, which are known as tumor specific antigens (TSA)
(Mumberg et al., 1996), but malignant cells also express tumor associated antigens
(TAA) (van der Bruggen et al., 1991), antigens that are expressed in high quantities by
cancer cells but can also be found in healthy cells. New TSA are continuously been
discovered in different tumors as melanoma (Wang et al., 1999; Wolfel et al., 1995),
colorectal cancer (Wolfel et al., 1995), non-small-cell lung cancer (Echchakir et al.,

2001) or chronic myeloid leukemia (Clark et al., 2001).
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Major histocompatibility complex class I (MHC-I) molecules plays a crucial role
in the interaction of tumor cells with the host immune system as they present TAAs or
TSAs to cytotoxic T lymphocytes (CTLs). MHC-I molecules are expressed in the
surface of target cells, and is recognized by the T cell receptor (TCR) of CD8+ T-cells
(Aptsiauri et al., 2007a) (fig. 1). When this recognition occurs in conjunction with co-
stimulatory molecules, such as the one establish between CD28 and CDS80, the CTLs

become activated and lead to cancer cells destruction.

CTL Tumor cell

CD28 CD80

TCR

Figure 1. Tumor cells recognition by CTL. CTLs interact with cancer cells trough TCR which recognizes
TAA bound to MHC-I complex in the tumor cell surface. This interaction needs the participation of
adhesion molecules and co-stimulatory signals provided by different molecules as the CD28-CD80
interaction.

Not only the adaptive immune system can recognize and kill cancer cells. NK
cells are innate lymphocytes that can eliminate infected and malignant cells. NK cells
express NKG2D molecule on cell surface, an activating receptor which recognizes
several molecules, known as NKG2D ligands, that are upregulated in cells after stress
situation that could generate a damage in DNA (Gasser et al., 2005). This receptor-
ligand interaction helps in detecting and elimination of transformed cells (Bauer et al.,

1999). NKG2 ligands in human include MICA, MICB and six different ULBP proteins
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(Groh et al.,, 1996), that were found to be expressed by many freshly isolated
carcinomas of lung, breast, kidney, ovary, prostate and liver (Groh et al., 1999; Jinushi

et al., 2003).

a) Rejection b) Equilibrium c) Escape

@@ @@ @@
@

Ellmlnatlon
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-

Figure 2. Tumor-host interaction in cancer evolution. Even at early stages of tumorigenesis, malignant
cells may express distinct tumor-specific markers and generate pro-inflammatory signals that initiate the
cancer rejection process (a). In the first phase of elimination, cells and molecules of innate and adaptive
immunity may remove the developing tumor and protect the host from tumor. However, if this process is
not successful, the tumor cells may enter in an equilibrium state (b), where they may be either maintained
chronically or immunologically edited by immune system and select new populations of tumor variants.
These variants may eventually evade the immune system by a variety of mechanisms and escape
immunosurveillance (c).

All these works show experimental evidences of the immunosurveillance
concept proposed originally by Thomas and Burnet. However, tumors arise and develop
in the presence of a healthy immune system, so the immunosurveillance concept is
insufficient to describe the complex interactions between tumor cells and the host’s
immunological system during the tumor development. With accumulation of new
knowledge on tumor-host interaction, the theory of cancer immunosurveillance evolved
to the concept of “cancer immunoediting” (Dunn et al., 2002) which establishes that the

immune system is able to edit tumor trough its continuous interaction, killing those
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malignant cells which are recognizable by effectors cells, but selecting and leading to
the emergence of low immunogenic variants. In this way, immune system has a dual
nature, helping to prevent tumor progression in early stages, but also promoting the

selection of less immunogenic tumor variants.

Immunoediting process has three dynamic phases (Schreiber et al., 2011). First
of them is the elimination stage, which corresponds with the original concept of
immunosurveillance, where innate and adaptive immunity detect cancer cells and
remove them before the tumor becomes clinically apparent (Smyth et al., 2006; Vesely
et al., 2011). If tumors cells are completely destroyed, the elimination phase represents
the endpoint of cancer immunoedition (Fig. 2a). At the same time, tumor cells that are
not eliminated are kept in the “equilibrium phase”, where immune system is able to
control tumor growth, but without removing completely all cancer cells, which persist
in a period of latency (Fig. 2b). Here, the constant interaction between tumor and
immunological system promote tumor edition, causing a selection of phenotypes with
low immunogenicity, which are better suited for survival in the immunocompetent host
and become resistant to immune effector cells (Koebel et al., 2007; Teng et al., 2008).
Tumor variants selected in previous stage can grow in the host immunologic
environment and progress, reaching the third stage of immunoedition, the “escape”
phase (Restifo et al., 2002) (Fig. 2¢). Numerous experimental data have shown that
tumors which manage to escape can subvert the immune system through direct or
indirect mechanisms, favoring its growth. The escape phase represents the failure of the
immune system to control or to eliminate transformed cells; moreover, the immune
system contributes tumor progression by selecting more aggressive tumor variants,
suppressing the antitumor immune response or promoting tumor cell proliferation

(Dunn et al., 2004).
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1.2 Tumor immune escape mechanisms

In the last two decades, many studies have focused on defining the molecular
basis of tumor escape mechanisms. We know that tumors can, direct or indirectly,
prevent the development of anti-tumor response trough liberation of
immunosuppressive cytokines or the intervention of cells with suppressive activity
(Khong and Restifo, 2002; Sakaguchi et al., 2001). Tumor escape can also be a
consequence of intratumoral changes, which affect tumor recognition by immune
effector cells, such as the loss of expression of tumor antigens, loss of major
histocompatibility complex class I (MHC-I) components (Marincola et al., 2000), loss
of NKG2D ligands (Groh et al., 2002), loss of response to IFN-y (Kaplan et al., 1998),
and alterations in the expression of the apoptosis and death receptors and corresponding
signaling pathways (Takeda et al., 2002) (Catlett-Falcone et al., 1999). Classification
and a summary of tumor immune-escape mechanisms are depicted in table 1.

Table 1: Various types of cancer immune escape mechanisms. Modified from (Aptsiauri
etal., 2013).

Mechanisms affecting tumor cells directly

L oss of tumor antigen expression (Berset et al., 2001; Jager

et al., 1996; Khong et al.,

2004)
Defects in antigen-processing and presentation | (Aptsiauri et al., 2007a;
pathways: Garrido et al, 2010a;
- Loss or downregulation of HLA-I molecules | Marincola et al., 2000;
and/or B2m. Meissner et al., 2005;

- Loss or downregulation of APM molecules

Restifo et al., 1996; Seliger
etal., 2001)

Resistance to IFN-y or IFN-0/f through mutation or
epigenetic silencing genes encoding IFN-y receptor
signaling components (IFNGR1, IFNGR2, JAK1, JAK2,
and STATI)

(Dunn et al., 2005; Kaplan
et al., 1998; Respa et al.,
2011; Rodriguez et al.,
2007)

Mechanisms that provide tumors with the ability to
escape immune destruction
- Upregulating inhibitors of apoptosis (Bcl-XL,
FLIP)

(Catlett-Falcone et al.,
1999; Dong et al., 2002;
Hinz et al., 2000; Kataoka
et al., 1998; Shin et al.,
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- Expressing inhibitory cell surface molecules that
kill CTLs (PDL1, FasL)

- Release of pro-apoptotic factors that inhibit local
antitumor T cell response (TRAIL receptor, DRS,
Fas B7-H1)

2001; Takahashi et al.,
2006; Zou et al., 2007)

Mechanisms that prevent tumor cell recognition by
NK cellsor CTLs:
- Loss of NK ligands as NKG2D)
- Tumor cell expression of HLA-E or HLA-G
- Lack of expression of adhesion or co-stimulatory
molecules (ICAM-1, CD40)
- Induction of T-cell anergy, expression of CTLA-

4 ligands (B7-1 and B7-2) or PDL1

(Carosella et al.,, 2003;
Derr¢ et al., 2006; Fujihara
et al.,, 1999; Groh et al.,
2002; Schultze and Nadler,
2003; Tripathi and
Agrawal, 2006) (Chambers
et al., 2001; Dong et al.,
2002; von Leoprechting et
al., 1999)

Tumor-induced modifications in immune cells

Tumor derived immunosuppresive factorsthat inhibit
effector immune cell function:
- Transformating growth factor-p (TGF-f), IL-10
- Vascular endothelial growth factor (VEGF)
- Metabolic enzymes such as IDO and arginase
- Gangliosides, soluble MICA
- Factors that recruit regulatory cells: 1L-4, IL-13,
GM-CSF, IL-1B, VEGF, or PGE2
- Soluble forms of adhesion molecules such as
CD54, CDS58, or soluble FAS ligand

(Aruga et al, 1997,
Gabrilovich et al., 1998;
Grothey et al, 1998;

Khong and Restifo, 2002;
Terabe and Berzofsky,
2004; Uyttenhove et al.,
2003; Villablanca et al.,
2010) Herber 2012
(Bergmann-Leitner and
Abrams, 2001)

Accumulation of regulatory cells that decrease
antitumor response through:
- Release of immunosuppressive cytokines (IL-10
and TGF-p)
- Altering the
microenvironment
- IL-2 consumption

nutrient content of  the

(Mantovani et al., 2006;
Sakaguchi et al., 2001;
Terabe and Berzofsky,
2004; Vesely et al., 2011)

Recruitment and polarization of MDSCs from myeloid
precursors that can block T cell function by expressing
TGF-B, ARGI, iNOS, and IDO

(Vesely et al., 2011)

Reduction of co- stimulatory molecules by tumor
infiltrating lymphocytes

(Chaux et al., 1996)
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1.3 Cancer | mmunother apy

The involvement of immune system in tumor recognition and rejection has
prompted the development of immune based cancer treatment. Cancer immunotherapy,
or the manipulation of the immune response to elicit clearance of cancer, is based on the
premise that cancer cells express TAA that can be recognized by antibodies or CTLs.
Tumor immunotherapy can generally be classified in two major approaches: passive (or

adaptive), and active immunotherapy.

1.3.1. Activeimmunotherapy

a) Non-specific immunotherapy.

The administration of adjuvant directly into solid tumors to stimulate
inflammation and recruit immune effector cells was one of the first strategies to enhance
immune response against cancer. Already in 1890, the first successful immunotherapy
was reported by William Coley, after inoculating Streptococcus pyogenes and Serratia
marcescens into an operable sarcoma (which became known as “Coley’s toxins (Coley,
1891)). Nonspecific stimulator of the immune system is still in use for cancer
treatment, such as the treatment of superficial bladder cancer with Bacilus Calmette-

Guerin (BCG) (Kresowik and Griffith, 2009).

Activating the immune system against cancer cells has been also tried by cytokine
therapy aimed to enhance the expression and presentation of tumor antigens to T-cells.
For example, IL-2 has been extensively used for the treatment of metastatic renal cell
cancer and melanoma (Beyer, 2012), or the use of IFN-a for treatment of patients with

high risk locally advanced melanoma (Garbe et al., 2008).

b) Specific immunotherapy
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Specific cancer immunotherapy uses TAA from different sources, including
lysates of tumor cells, specific peptide epitopes or mRNA/DNA coding for relevant
antigens, in order to break tumor tolerance and generate specific anti-cancer CTLs.
Among the specific peptides used for immunotherapy stands out the melanoma-
associated antigen MAGE-3, which developed the first observed clinical response to
peptide-based immunotherapy in melanoma patients (Marchand et al., 1995), or a
modified gp100 peptide used in patients with metastatic melanoma (Schwartzentruber et
al., 2011). Other promising approach is based in the use of dendritic cells (Vacchelli et
al., 2013) pulsed with specific peptides, such as the previously mentioned MAGE-3
(Godelaine et al., 2003). Sipuleucel-T (Provenge®) has been approved by the U.S Food
and Drug administration (FDA) for castration-resistant prostate cancer. It consists of
autologous peripheral-blood mononuclear cells (PBMCs), including dendritic cells that

have been activated with the prostatic acid phosphatase antigen (Kantoff et al., 2010a).

1.3.2. Passiveimmunotherapy

a) Adoptive immunotherapy

It is based on the ex-vivo selection of patient’s antitumor cells, mostly T
lymphocytes (although this approach has also been carried out using DC’s and NKs),
which are isolated and expanded in vitro, and transferred again into patients (Rosenberg,
2011; Rosenberg and Restifo, 2015). This approach together with IL-2 and chemo-
radiotherapy has been applied largely for melanoma treatment (Dudley et al., 2008).
Tumor-infiltrating lymphocytes have also been used in adoptive transfer, which are
selected for TCR specificity, expanded with TAAs or used with engineered T cells

(Curran et al., 2012; Sadelain et al., 2003).

b) Immunomodulating antibodies
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Monoclonal and chimeric antibodies featuring tumor cell specificity have been
approved and successfully used against different cancers (King et al., 2008).
Monoclonal antibodies (mAb) exert their effects via various mechanisms that include
blockade of growth factor receptors, triggering apoptosis, activating cellular
cytotoxicity, and the activation of complement. Currently, different antibodies are
approved or being tested, such as rituximab against anti-CD20 (McLaughlin et al.,
1998), trastuzumab targeting human epidermal growth factor receptor 2 (HER2)
(Brenner and Adams, 1999), bevacizumab against vascular endothelial growth factor
(VEGF) (Ferrara et al., 2004), cetuximab, which inhibits epidermal growth factor
receptor (EGFR) (Wong, 2005); and immunostimulatory antibodies as ipilimumab
targeting CTLA-4 (Margolin, 2012), or different mAb directed against PDL1. These
mAbs have been tested in melanoma, non-small-lung cancer, renal cancer, ovarian
cancer, colorectal cancer, pancreatic cancer, breast cancer and gastric cancer (Brahmer

et al., 2012).
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2- HLACLASS| ALTERATIONSAND CANCER

CTLs are thought to be major effectors of anticancer immunity, but they need to
recognize TAA through tumor cell surface major histocompatibility complex. Loss of
tumor MHC antigens would, therefore, prevent their recognition and lysis by CTLs.
Hence it is extremely important to know why these losses occur and what mechanisms

are implied.

2.1 HL A structure and function

The major histocompatibility complex is a family of genes which products are
involved in antigen presentation to T-lymphocytes, and in immunological distinguishing
between the body’s own cells, recognized as “self”, and foreign cells and structures, or
“non-self”. In humans, the MHC complex is also known as human leukocyte antigens

(HLA).

There are two main groups of HLA molecules: HLA class I (HLA-I), mostly
represented in human as HLA-A, HLA-B and HLA-C, and HLA-class II (HLA-II), that
include HLA-DP, HLA-DQ and HLA-DR. HLA-I molecules are expressed in all
nuclear cells in vertebrates, except spermatozoids; meanwhile HLA-II molecules are
usually restricted to specialized antigen presenting cells and activated cells. HLA-I
antigens are constituted by the classic molecules or class la, HLA-A, HLA-B and HLA-
C (Bjorkman and Parham, 1990) and non classic or class Ib: HLA-E, HLA-F and HLA-
G (Shawar et al., 1994) which have a high homology with classic HLA molecules, but
posses different functions. HLA-I is a heterodimer formed by one polymorphic heavy
chain or alpha (a)) of 45 KD (coded by genes localized in the MHC region located in
chromosome 6) bound to a non polymorphic light chain named B2-microglobulin (2m)

of 12 KD ( gene is located in chromosome 15). HLA-I is associated with a 8 to 10
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aminoacid long peptide (Cresswell et al., 2005) that also provides stability to the

complex (Townsend et al., 1990).

HLA heavy chain contains 5 domains in three regions: extracellular,
transmembrane and intracytoplasmatic. Extracellular domain is divided in three
domains (al, a2 and a3) with 90 amino acids each. Heavy chain is highly polymorphic,
especially in aphal and alpha2 domains, which form a hypervariable region forming a
peptide binding groove (Fig. 3). This region is recognized by the T-cell receptor (TCR),
while alpha3 domain binds to CD8 molecule of the CTL. HLA system is highly
polymorphic due to the multiple alleles present in each of its known genes. It has been
determined the existence of approximately 150 different alleles, and, with the
development of new genomic typing techniques, new specificities that are constantly

being discovered.

Although HLA-I molecules are able to bind different peptides, there are
restrictions for peptide length and sequence (Stern and Wiley, 1994). HLA-I molecules
only can bind 8 to 10 amino acid long peptides. These peptides come from proteins
degraded by the proteasome, and are carried in the f2m-Heavy chain complex. This
complex is expressed lately in the cell surface, where it is recognized by TCR complex
of CD8+ lymphocytes, inducing cell proliferation, cytokine production, and target cell
lysis (Johnsen et al., 1999; Seliger et al., 2000b). HLA-I molecules are also implied in
the activity of NK cell, which are able to eliminate those cells that have lost HLA-I
expression. Although NK cells do not express TCR receptor, they recognize its target
using different kind of receptor: KIR (Killer Immunoglobulin-like receptor) and type C
lectines. These receptors have different specificities and can be classified in two groups
of receptors depending on the activating or inhibiting profile (Lopez-Botet et al., 2000;

Moretta et al., 1996).
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Figure 3. Structure of HLA-I molecule. a) Schematic representation of HLA-I molecule structure. The
HLA molecule is composed of three domain al, a2 and a3 which form the heavy chain, bind to a light
chain (f2m). al and o2 forms a gap where the peptide is accommodated. b) Crystal structure of HLA-I
molecule. Modified from (Yang, 2003)

HLA-II molecules are formed by two chains, denominated o and B, which form
a dimer on cell surface. They are bound to the peptide adopting a tridimensional
structure similar to that found in HLA-I, with the difference that HLA-II molecules bind
14 to 18 amino acid long peptides. HLA-II molecules are commonly expressed in
antigen presentation cells (APC), including B lymphocytes, monocytes/ macrophages,

dendritic cells, Langerhans cells, endothelial cells, thymic cells and activated T

lymphocytes.

Function of HLA-II molecules is to present antigenic peptides derived from
extracellular proteins and expressed on APCs to CD4+ T lymphocytes (Cresswell,
1994). Extracellular pathogens are degraded to peptides, and each peptide is loaded into
the a-B dimer. This complex is finally expressed on cell surface, where it is recognized
by the TCR of CD4+ T lymphocytes. If these lymphocytes recognize the peptide as

“non-self” s, they will induce proliferation and activation of macrophages and the clonal
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proliferation of B lymphocytes, which will secrete specific antibodies against the

peptide.

2.2 Processing, transport, folding and presentation of antigenic peptides

The HLA-I surface antigen expression required for the presentation of antigens
to CTLs is mediated by different molecular processes and implicates different
molecules (Cresswell et al., 2005) (Figure 4). Shortly after or during synthesis in the
endoplasmic reticulum (ER), HLA heavy chain is attached with the thiol oxidoreductase
ERp57 and calnexin (David et al., 1993), a chaperone which stabilizes and preserves it
from degradation (Williams, 1995). Upon binding of f2m, calnexin is released and
replaced by calreticulin (Sadasivan et al., 1995) creating a multimeric complex called
the peptide loading complex (PLC), which enhances the supply of peptides into the ER,
and promotes their binding onto HLA-I molecules. Seven proteins conform the PLC
structure: two peptide transporters associated with antigen processing (TAP1 and
TAP2), which translocate class I peptide ligands from the cytosol into the ER
(Androlewicz et al., 1993; Neefjes et al., 1993), the class I-specific accessory molecule
tapasin, the chaperone calreticulin (Sadasivan et al., 1996), ERp57 (Morrice and Powis,

1998), and the heavy chain/ f2m dimmer.
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Figure 4: HLA-I antigen processing and presentation to CTL. Intracellular proteins are degraded by the
proteosome and peptidases into peptides which are translocated into the endoplasmic reticulum (ER) by
TAPI1 and TAP2. In the ER, peptides are further trimmed by aminopeptidases and bind to HLA-I/B2M
complex with the help of the chaperone tapasin. The HLA-I/B2M complex formation in the ER is done
with chaperons ERp57, calnexin and calreticulin. The stable HLA-I/B2M/peptide complex is
subsequently transported via the Golgi system to the cell surface, where they are recognized by CTLs.
Modified from Groothuis et al 2005 (Groothuis et al., 2005).

The majority of antigenic peptides are derived from intracellular proteins that are
degraded via the multicatalytic proteasome complex. The peptides are translocated, via
TAPI1 and TAP2 subunits, from the cytosol into the lumen of the ER and, if necessary,
they are cut by ER associated aminopeptidases (ERAAP or ERAP1) to 8-10 amino
acids (Bukur et al., 2012). The activity of the pathway could be modified by IFN-y
generating the immunoproteasome, which consists of novel active subunits as the low
molecular weight proteins LMP2 and LMP7 (Gaczynska et al., 1993). f2m has been

shown to be also a chaperone-like molecule for HLA-I folding. The association of
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heavy and light chain is a requisite for cell-surface expression of the complex (Ploegh et
al., 1979; Rein et al., 1987) and in the absence of f2m, most HLA-I molecules are not
expressed efficiently on the cell surface (del Campo et al., 2009; Seong et al., 1988).
Once peptides are bound, stable trimmers of heavy chain/B2m/peptide are released from
the loading complex and exported to the cell surface via the trans-Golgi and displayed

on the surface.

Different transcriptional factors, such as interferon regulatory factor 1 (IFR-1)
and NOD-, LRR- and CARD-containing 5 (NLRCS) factor, control the expression of
HLA-I-related genes (Kobayashi and van den Elsen, 2012). It has been shown that
knockdown of NLRCS5 in different human cell lines and primary dermal fibroblasts
leads to reduced MHC class I expression, whereas introduction of NLRCS5 into cell
types with very low expression of MHC class I augments MHC class I expression to
levels comparable to those found in lymphocytes. Moreover, expression of NLRC5
positively correlates with MHC class I expression in human tissues. Functionally, both
the N-terminal effector domain of NLRCS5 and its C-terminal leucine-rich repeat domain

are needed for activation of MHC class I expression (Neerincx et al., 2012).

2.3HLA class| loss and tumor escape

2.3.1 HLA class| alterations

HLA complex plays a major role in the immunological cell response against
cancer (Crowley et al., 1991) due to its implication in tumor cells recognition by CTLs,
as well as in the T cell specific immunotherapy used in cancer treatment (Boon et al.,
1997). Therefore, HLA molecules play a key role in protecting the organism against
neoplastic disease in early stages, and also are leading the selection of resistant tumor

variants.
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Figure 5. Incidence of HLA-I alterations in different human tumors. Available information about the
frequency of alterations in prostate and breast cancer is limited and controversial.

Loss or down-regulation of HLA class I antigens in tumor cells has been
frequently observed in a variety of human malignancies including melanoma, bladder,
colorectal, lung, laryngeal, breast and renal carcinoma (Aptsiauri et al., 2007b; Campoli
et al., 2002; Chang et al., 2005; Garrido et al., 1997; Marincola et al., 2000) resulting in
tumor immunoescape from CTLs. The same mechanism to avoid recognition and
elimination by the immune system is used by viruses (Ploegh, 1998). Combination of
different techniques such as immunohistochemistry and microsatellites analysis to
detect loss of heterozygosity helped to determine that the frequency of cancer HLA
alteration varies among tumors of different histological type (Fig. 5) (Blades et al.,
1995; Cabrera et al., 1996; Cabrera et al., 1998; Cabrera et al., 2000; Kageshita et al.,
2005; Koopman et al., 2000). According to the cell surface expression pattern, HLA
class I alterations have been classified in seven different phenotypes (Garcia-Lora et al.,

2003a) (Fig. 6):

- Phenotype I: Total loss of HLA class I molecules
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- Phenotype II: Loss of an HLA class I haplotype

- Phenotype III: Loss of an HLA class I locus

- Phenotype IV: HLA class I allelic loss

- Phenotype V: Compound phenotype

- Phenotype VI: Failure to respond to interferon (IFN)

- Phenotype VII: Low expression (down-regulation) of classical HLA molecules

(Ia) with aberrant expression of non-classical HLA molecules (Ib)
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Phenotype | Phenotype I Phenotype Il Phenotype IV
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Phenotype V Phenotype VI Phenotype VII
Compound phenotype Unresponsiveness to IFN-y HLA class la +/-
HLA class Ib +

Figure 6: Classification of altered MHC class I phenotypes found in human tumors. Each cell normally
expresses six HLA class I alleles (two HLA-A, two HLA-B, and two HLA-C). HLA class I molecules can
be totally or partially absent from tumor cells (Phenotype I to Phenotype V). In some cases, tumor cells
do not upregulate class I expression after treatment with IFN-y (Phenotype VI). Some tumor cells express
aberrant HLA-E molecules together with low expression of classical class I antigens HLA-A, -B, or -C
(Phenotype VII).

2.3.2Irreversible and reversible defectsunderlying HLA class| altered expression

Generation of tumor HLA phenotypes can occur at any step required for the

protein synthesis, assembly, transport or expression on cell surface, which, in turn, can
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occur at the genetic, epigenetic, transcriptional, and posttranscriptional levels,
representing either regulatory abnormalities or structural defects, such as mutations or
chromosomal aberrations. Thus, HLA-I alterations can be classified into two main
groups: reversible regulatory defects (also called “soft”), and irreversible structural
defects (called “hard”) (Garrido et al., 2010b). Although regulatory defects on
transcriptional level are more common among various types of malignancy, the HLA
structural defects may have profound implications in the T-cell mediated rejection of
tumor cells in primary or metastatic lesions and in the outcome of cancer
immunotherapy. When the mechanism underlying total HLA class I loss is on
transcriptional level, the expression of surface HLA class I antigens can be reversed by
cytokine treatment and T-cell based immunotherapy can be successfully applied.
However, peptide-based immunotherapy aimed to augment T-cell-specific tumor
recognition may not be effective in case of irreversible damage of HLA genes(del
Campo et al., 2014). Therefore, development of an adequate diagnostic approach for
precise identification of the HLA class I expression phenotype and underlying

molecular mechanisms is essential.

a) Reversible alterations.

The reversible HLA class I deficiencies involve all levels of the HLA class I-
restricted antigen presentation machinery on transcriptional level. They can be repaired,
at least partially in vitro, by cytokines (IFN-y, TNF-a). The IFN-mediated upregulation
of APM components normally leads to enhanced MHC class I surface expression and
improves antitumor CTL responses (Martini et al., 2010; Seliger et al., 2000a). Thus, it
represents a valuable strategy for the treatment of patients with APM deficiencies.

However, in some cases, tumors remain insensitive to IFN treatment despite the lack of
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structural alterations in APM components, suggesting an impaired IFN signal

transduction (Rodriguez et al., 2007).

Downregulation of TAP1/2 and LMP2/7 gene has been demonstrated in
different cell lines and tumor lesions (Cabrera et al., 2003; Meissner et al., 2005). LMP7
downregulation was found in correlation with the level of MHC class I expression in
various human cancer cell lines (Yoon et al., 2000). A high frequency of LMP2, LMP7,
and TAP1 down-regulation or loss was observed in tumor lesions and cell lines obtained
from head and neck cancer patients, which could be reversed by IFN-y treatment
(Meissner et al., 2005). Impaired expression of immunoproteasome subunits (Cabrera et
al., 2003; Miyagi et al., 2003) and tapasin (Cabrera et al., 2005) is involved in different

types of HLA class I molecule loss in human colon cancer.

Epigenetic events associated with tumor development and cancer progression
have been found to underlie changes in HLA and APM expression and activity. HLA
class I gene hypermethylation leading to HLA loss has been demonstrated in various
types of cancer. These alterations can be reversed in vitro with pharmacologic agents
that induce DNA hypomethylation or inhibit histone deacetylation (Serrano et al.,

2001).

b) Irreversible Alterations

Total loss of HLA class I expression is caused by various mutations and
chromosomal defects involving genes encoding heavy chain or f2m. Haplotype loss is
one of the most frequently described alteration affecting HLA-I expression. It is caused
by various defects in the HLA genomic region (short arm of chromosome 6, 6p21),
including chromosomal dysfunction, mitotic recombination, and genetic conversion, or

by loss of one copy of chromosome 6, which ultimately leads to the hemizygous loss of
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HLA-A, -B and -C alleles (Torres et al., 1996). This type of HLA class I alteration
mechanism has been described in different types of malignancy as laryngeal tumor
(Maleno et al., 2002), melanoma (Rodriguez et al., 2005), colorectal tumor (Maleno et
al., 2004) or non-Hodgkin’s lymphoma. Allelic loss of single HLA alleles defines
another HLA phenotype that is caused by a wide array of genetic defects including point
mutations, frameshifts, or deletions (Jiménez et al., 2001). LOH in chromosome 15
(B2m gene region) can be frequently detected in tumors (in 40% of colon melanomas
and laryngeal carcinomas and in 50% of bladder carcinomas) (Maleno et al., 2011). This
lesion in chromosome 15 may be unnoticed since tumor cells might have normal HLA
class I pattern and it could represent one of the early events in malignant cells leading to
generation of precommitted tumors to become HLA escape variants. HLA class I gene
mutations include somatic recombination within class I genes (Browning et al., 1996),
nonsense mutations (Koopman et al., 2000), missense mutations, deletions, and
insertions (Jiménez et al., 2001; Lehmann et al., 1995; Serrano et al., 2000). Mutations
in B2m genes range from large deletions to single nucleotide deletions and mutations are
distributed randomly among the genes (Benitez et al., 1998; Feenstra et al., 1999;
Paschen et al., 2003; Restifo et al., 1996). A mutation “hotspot” located in the CT repeat
region of exon 1 of the f2m gene has been described (Pérez et al., 1999) reflecting an
increased genetic instability in this region in malignant cells. A summary of 2m
mutations discovered in tumor cell lines and tumor specimens has been reviewed
previously (Bernal et al., 2012). In most of the cases, two structural defects are
necessary to produce the total loss of HLA class I on malignant cells: f2m mutation in
one copy of the P2m gene and loss of the other copy associated with loss of

heterozygosity (LOH) in chromosome 15 (Paschen et al., 2006).
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Mutations in various APM components appear to be a rare event postulating that
dysregulation rather than structural alterations is the major cause for aberrant APM
component expression. TAP mutation associated with HLA class I loss was described in
lung cancer (Chen et al., 1996) and in melanoma (Seliger et al., 2001). Resistance to
IFN-y-mediated upregulation of HLA class I expression can be also a mechanism
producing tumor escape variants. It is caused by defects in the Jak-STAT components

of IFN-mediated signaling pathway (Rodriguez et al., 2005; Seliger et al., 2008).

2.3.3HLA Class| defectsand correlation with clinico-pathological characteristics

Downregulation or low expression of MHC class 1 antigens has been
demonstrated to have an important cancer prognostic value in various studies, while
other studies have failed to show a correlation between HLA expression and patient
prognosis (Chang et al., 2003; Marincola et al., 2000; Powell et al., 2012). It has been
observed that down-regulation of HLA class I expression in breast cancer has a
significant association with adverse prognostic factors (Morabito et al., 2009). In
addition, it has been reported that patients with conserved HLA class I expression have
significantly better disease free interval than those with loss of HLA class I (Kaneko et
al., 2011). In the same way, down-regulation of HLA class I in rectal cancer has been
associated with poor prognosis (Speetjens et al., 2008). On the other hand, loss of class I
expression has been associated with good prognosis in breast carcinoma and non-small-
cell lung cancer (Madjd et al., 2005; Ramnath et al., 2006). Normal expression of HLA
class I in a non-small-cell lung cancer was associated with a favorable prognosis
compared with the heterogeneous expression group, but no significant difference was
observed between the normal expression and decreased expression groups (Hanagiri et

al., 2013). Another study revealed down-regulation of HLA class I as an independent
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factor of poor prognosis in stage I patients, but not in late-stage cancer patient (Kikuchi
et al., 2007). Two studies have found that total absence of HLA class I resulted in a
favorable prognosis as compared to patients with low tumor HLA expression. It has
been also described that high expression of HLA class I in tumor cells is associated with
better prognosis as compared to the partial down-regulation of HLA class I (Watson et
al., 2006), while another report proved totally opposite (Menon et al., 2002). Partial
HLA class I loss has also been significantly associated with decreased 5-years overall

survival in breast cancer (Kaneko et al., 2011).

Inconsistencies among these studies may be explained by various reasons
(Aptsiauri et al., 2013). First, most of the works have been realized in paraffin-
embedded tissue, that only allow the use of a limited group of antibodies which in many
cases detect only the intracytoplasmic free heavy chain, but not HLA-I surface
expression. In other cases, where cryopreserved tumors were available, the use of mAb
was limited to detect only total HLA-I loss, while partial losses were not studied. In
addition, there are differences in the techniques with different degree of sensitivity, as
immunohistochemistry, which is often difficult to evaluate, or differences in the
classification of HLA-I lesions or labeling patterns, which could lead to discrepancies in

data interpretation. .

24 Roleof HLA class| altered expression in resistance to immunother apy.

Malignant transformation is characterized by accumulation of genetic alterations
and by epigenetic aberrations in tumor cells leading to expression of TAA. Recognition
of TAA by HLA class I-restricted CD8+ T cells is fundamental for the detection and
destruction of malignant cells (van der Bruggen et al., 1991). The discovery of TAA

initiated a new era of cancer immunotherapy aimed at increase tumor immunogenicity
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and T-cell-mediated antitumor immunity. Unfortunately, despite the significant
advances in the understanding of antitumor immunity and considerable efforts to
enhance immune reactivity against malignancies, consistent and long-lasting responses
to cancer vaccines remain vague, and the overall clinical efficacy cancer
immunotherapy are still below expectations (Rosenberg et al., 2004; Wang et al.,
2009a). With the introduction of adjuvants and implementation of more innovative
monitoring and evaluation criteria (Response Evaluation Criteria in Solid Tumors,
RECIST) the outcome of cancer immunotherapy protocols improved (Klebanoff et al.,
2011). In addition, the understanding of the molecular mechanisms of cancer immune
escape and the role of complex interactions between tumor and the host has led to
improved novel treatment approaches. In order to counteract immunosuppressive factors
of tumor microenvironment, novel strategies are being evaluated in both clinical and
preclinical settings, including combination of immuno- and chemotherapy, small-
molecule targeted therapies, monoclonal antibodies used to block important immune
checkpoint molecules, inhibitors of immunosuppression, etc. (Schlom, 2012; Walter et
al., 2012). Furthermore, many vaccines were tested in patients with advanced metastatic
disease treated with other types of cancer therapy. Clinical studies have shown that
patients respond better to vaccines when they are treated at early disease stages with

only limited previous clinical intervention (Schlom, 2012).

The lack of tumor rejection is associated with multiple cancer immune escape
mechanisms, including the loss or low expression of tumor HLA class I molecules.
Absence of normal expression of HLA class I molecules on tumor cell surface
expression obliterates TAA-peptide presentation to CTLs and leads to tumor
progression. Therefore, immunotherapy aimed at increasing antitumor immune response

may fail and not yield clinical benefit.
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HLA class I expression defects, induced by different molecular mechanisms,
have been well documented in a wide variety of primary tumors and metastatic lesions.
As a result, different HLA altered phenotypes are generated (fig. 2) and have an
important implication in cancer immunotherapy (Garrido and Algarra, 2001; Khong and
Restifo, 2002). HLA class I total downregulation is usually caused by defects in
transcriptional activity of heavy chain genes, dysfunction in components of the antigen
presenting machinery (APM), or some epigenetic events (Garcia-Lora et al., 2003b).
These regulatory effects can be corrected through IFN-gamma treatment or others
cytoquines. Actual immunotherapy protocols based on peptides have the purpose of
increase tumor immunogenicity and CTL response. Its success also depend of HLA-I
expression in cancer cells (Boon et al., 1997). So far, most immunotherapies induce
stimulation of anti-tumor cell response poorly associated with significant clinical
improvement (Rosenberg et al., 2004). It is believed that immunoselection produced
during tumor progression and the selective pressure caused by immunotherapy support
the propagation of tumors with different escape mechanism, many of which are
characterized by loss or down-regulation of HLA-I molecules. Cancer immunotherapy
may induce an increasing in HLA-I regulation in some metastatic lesions that eventually
regress, but not in those lesions that have a tendency to progress (Algarra et al., 2004;
Cabrera et al., 2007; Festenstein, 1987; Marincola et al., 2000; Zitvogel et al., 2006). In
melanoma patients under immunotherapy, the lack of response to treatment and the
generation of progressing metastasis seem to be associated with irreversible defects in
HLA genes (Carretero et al., 2008). In other study, recurrent tumors of patients
suffering bladder cancer treated with BCG immunotherapy showed more profound
alterations in HLA-I (LOH-15 or LOH-6) than patients treated with chemotherapy.

Moreover, post-BCG lesions showed a change in the HLA-I expression pattern that was
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not observed in chemotherapy treated patients, suggesting an immunotherapy-induced
immune selection orchestrated by the HLA-I loss of expression. Therefore, the
restoration of normal expression of HLA class I patients with mutations in heavy chain,
B2m, haplotype loss or other structural defects in HLA genes through gene therapy,

become an interesting approach in the treatment of these patients.

Figure 7 illustrates how immunotherapy treatments and cancer progression may

be affected by HLA alterations.
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Figure 7. Tumor immune selection. In normal conditions immune system recognizes and kills cancer cells
with high immunogenic profile. Low immunogenic variants can progress avoiding the immune attack, but
immunotherapy treatment leads to activation of antitumor immune recognition mechanisms increasing
peptide presentation to both CD8 and CD4 T-cells and promoting the response against tumor cells with
reversible alterations. However, cancer cells variants with “hard” alterations can progress in this context
of “selective pressure”, and tumor will escape. In this case, only the recuperation of the damaged genes
by gene therapy approaches may restore tumor immunogenicity and promote CTL response.
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PROSTATE CANCER

The prostate is a compound tubule-alveolar exocrine gland of the man
reproductive system, situated below the bladder and surrounding the urethra, which
function is to produce the semen (along with spermatozoa and seminal vesicle).
Prostate cancer (PC) is defined as the cancer that forms in tissues of prostate. Almost all
the diagnosed PC are adenocarcinomas. Since other types of prostate cancer are
extremely rare, when speaking of prostate cancer, we are most likely referring to
adenocarcinoma. The inner part of the prostate (around the urethra) often keeps growing
as men get older, which can lead to a common condition called benign prostatic

hyperplasia (BH), but it is not cancer and does not develop into cancer.

According to the World Health Organization, prostate cancer is the second more
common type of cancer in the world affecting men and the first in Europe, which
represents 14,8% and 21,3% of total cases of cancer, respectively. Mortality from PC is
around 6,6% among all cancer-related deaths in the world (9,4% in Europe), being the

fifth type of cancer which causes more deaths (third in Europe) (Figure 8).

PC is a heterogeneous disease that exhibits a range of clinical behaviors, from
indolent, slow-growing tumors to aggressive, fast-growing tumors with lethal
progression. Although most tumors follow an indolent clinical course characterized by
its slow progression, and may not cause morbidity even if left untreated, most clinically
localized tumors are treated with curative intent via surgery or radiation. Even with such
treatment, up to 30% of tumors relapse during long-term follow-up (Boorjian et al.,
2012; Thompson et al., 2007). Although initially PC grows locally, with the advance of

the disease it can spread outside the prostate gland, growing into nearby lymph nodes
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first, and then it may metastasizes to the bones. Much less often the cancer will spread

to the liver or other organs.

Most common cancer site
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Figure 8. Incidence of Prostate Cancer. a) Distribution of most common cancers in men worldwide. b)
Estimated age-standardized Cancer incidence and mortality rates in men in 2012. Reproduced from the
International Agency for Research on Cancer (Globocan 2012)

Several risk factors associated with the development of PC have been identified.
Most notable is age. Worldwide, about three-quarters of all PC cases occur in men aged

65 or more. A study examining data from the Health Professionals Follow-Up Study
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found that smoking history, taller height, higher body mass index, family history, high
caloric intakes, calcium, and alpha-linolenic acid, all significantly increased risk for
fatal PC (Giovannucci et al., 2007). This study also found that higher physical activity
levels are associated with lowered PC risk, which appears to apply to Caucasian but not
African-American men (Singh et al., 2013). Moreover, segregation studies, twin studies,
case-control, and cohort studies provide strong support for a genetic predisposition to
PC (Langeberg et al., 2007; Ostrander and Stanford, 2000), with risk increasing 2- to 3-
fold for men with a family history of the disease in a first-degree relative. The relative
risk is further increased, 3- to 5-fold higher, if the relative was diagnosed before 65
years of age or if there are 2 or more relatives with prostate cancer. Family history is
one of the indications for the initiation of prostatic specific antigen (PSA) screening at
younger ages for early detection of prostate cancer (Qaseem et al., 2013). All this
indicates that the mechanisms of PC pathogenesis are complex and that risk factors are

still not well understood.

Importantly, if PC is detected at early stages, when it is still limited to the
prostate, patients are expected to live longer. Prostate cancer treatment basically
depends on the disease status. Cancer stage, age, and patient health are very important

to choose the treatment. There are several therapies used to treat PC:

- Surgery: Extraction of complete prostate and surrounding tissues. Sometimes,
lymph nodes of the pelvic area are extracted too. These intervention is known as

radical prostatectomy,

- Radiotherapy: This therapy can be combined with the previous one, either to

prepare the affected area or to “clean” the region after surgery.
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- Hormonal therapy: Tumor progression is linked to the testosterone levels and
activity. This treatment has the aim of reduce testosterone level in organism or to
block the effect of this hormone in the prostate, in general by using analogues or
antagonists of the Luteinizing Hormone-Releasing Hormones (LHRH). This
treatment is usually employed when the disease has already spread, when cancer
relapses, or before and along with radiotherapy as initial therapy in men who
have high risk of cancer recurrence. Hormonal therapy is usually effective in
reducing tumor size or slowing down the growth of prostate cancer. However, in
most cases it loses effectiveness over time, developing castration resistant
prostate cancer (CRPC), which will progress despite the fact that hormonal

therapy maintains testosterone under very low level.

A significant number of medications have been approved recently for the
treatment of CRPC (Pezaro et al., 2013), including chemotherapy (docetaxel), the
second generation androgen receptor antagonist enzalutamide, and immunotherapy’s as
Sipuleucel-T (Provenge®). Sipuleucel-T is a cancer vaccine approved by the FDA in
2010, used to treat advanced prostate cancer that is no longer responding to initial
hormone therapy. It is based on DCs pulsed with the prostatic acid phosphatase antigen
(PAP) (Kantoff et al., 2010a) in order to enhance immune recognition of this TAA,
getting a life expectancy of 25,8 months versus 21,7 months of the placebo group.

Actually there are others immunotherapy’s being tested against prostate cancer.

PROSTVAC (PSA-TRICOM) is a pox-viral vaccine developed to stimulate the
immune system via in-vivo immunologic stimulation that encodes for PSA and three
co-stimulatory molecules (B7-1, ICAM-1 and LFA-3) and is designed to enhance T cell

recognition of PSA (Gulley et al., 2014). In phase II studies it demonstrated an
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improvement in overall survival (Kantoff et al., 2010b) (25,1 vs 16,6 months), and is

currently in phase III testing in metastatic CRPC patients (NCT01322490).

GVAX 1is an allogeneic cellular immunotherapy or whole cell vaccine,
comprised of two PC cell lines, PC3 and LNCAP, genetically modified to secrete the
granulocyte macrophage colony-stimulating factor (GM-CSF), which are irradiated

before injection. Phase III trials have been disappointing (Small et al., 2007).

Targeting the “immune-checkpoint” (inhibitory molecules that inhibit immune
response, which are usually over-expressed in tumors) represent a novel application in
anticancer immunotherapy (Pardoll, 2012). Anti-CTL4 antibodies such us Ipilimumab
are currently FDA approved for metastatic melanoma, and are now in phase III testing
in a variety of settings in metastatic CRPC (ClinicalTrials.gov Identifier:
NCT01057810), or in combination with other treatments as radiotherapy
(ClinicalTrials.gov Identifier: NCT00861614). There is an ongoing phase I study using
a combination of Ipilimumab and Sipuleucel-T (ClinicalTrials.gov Identifier:

NCT01832870).

Although new treatments for metastatic CRPC are providing an improvement in
overall survival, they are still far from a curative efficacy. The study of prostate cancer
immune status, including HLA-I expression, seems to be necessary for the
understanding of the unresponsiveness to new immunotherapies in PC patients.
Nevertheless, published data on human PC are limited with regard to tumor HLA-I
expression and its predictive value in disease progression. Research into PC
pathogenesis and immune escape has long been limited by the lack of studies using
cryopreserved tumor tissues (where antigenic determinants of highly polymorphic HLA

class I complex are better preserved) and new cell lines with well-characterized HLA
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expression. Only a few human PC cell lines with characterized HLA expression are
available from ATCC, including Dul45, LnCap and PC-3 (Sanda et al., 1995), while
the development of a cancer vaccine requires tumor cells expressing specific HLA-I
alleles that selectively present a particular tumor-associated peptide to CTLs. The
presence of reversible/ irreversible HLA-I lesions in prostate cancer may be affecting
the resistance to immunotherapy. In the last case, restoration of affected gene would

help to improve the therapy
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3.- CANCER GENE THERAPY

Gene therapy can be defined as “the process of treating a particular disease
through the introduction of genetic material in order to elicit a therapeutic benefit”
(Stone, 2010). A gene can be delivered to a cell using a carrier known as a vector. In
gene therapy, the most common types of vectors used are viruses that have been
genetically altered to carry normal human genes and to make them safe, eliminating or

altering one or more essential viral functions, as its self-replication.

Since the first clinical trial using gene transfer in 1989, 2142 gene therapy trials
has been developed worldwide until year 2014 (The Journal of Gene Medicine 2015).
Cancer is the most targeted disease using gene therapy approaches, with a 64,2% of
total trials, followed by the treatment of monogenic (9,2%) and infectious (8%)

diseases.

Indications Addressed by Gene Therapy Clinical Trials (‘&;’}

WILEY

Cancer diseases 64.2% [n=1376)
@ Monogenic diseases 9.2% (n=196)
@ Infectious diseases 8% (n=172)
@ Cardiovascular diseases 7.8% (n=168)
@ HNeurological diseases 1.8% (n=39)
@ Ocular diseases 1.5% [n=33)
Inflammatory diseases 0.7% (n=14)
@ Other diseases 1.9% [n=41)
@ Gene marking 2.3% (n=50)
@ Healthy volunteers 2.6% (n=52)

The Jaurnal of Gene Medicing, © 2015 John Wiley and Sens Lid www_wiley.co uk/genmed/ clinical

Figure 9: Indications addressed by gene therapy clinical trials. Reproduced from (Ginn et al., 2013).

69



Introduction

4.1 Cancer genetherapy strategies

Many different types of cancers, including lung, gynecological, skin, urological,
neurological and gastrointestinal tumors, as well as hematological malignancies and
pediatric tumors are being treated in cancer gene therapy trials. A range of strategies has
been applied to treat cancer, from inserting tumor suppressor genes, to cytokines,
angiogenic factors, and gene-directed enzyme pro-drug therapy (Ginn et al., 2013), that
can be classified depending on the target (cancer cell itself or tumor microenviroment)

as it is depicted in table 2.

A separate group or strategy is formed by the cytolitic viruses, replicating or
conditionally replicating viruses that mediate effects directly on transduced cells
through viral replication and host cell lysis, and which may mediate effects on
neighboring tumor cells by sequential propagation. These vectors have been modified
by a variety of approaches to enable preferential replication in tumor cells or a specific

tissue (Doronin et al., 2001; Wadler et al., 2003).
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Table 2: Gene therapy approaches targeting cancer

Introduction

Transgenes or viral genes that mediate direct cytotoxic or cytostatic effects

Down-regulation of oncogenes:

Retroviral vector that interferes with the cyclin G1 gene (Rexin-G).
Antisense oligonucleotides: Genasense blocks bcl-2 mRNA.
Ribozymes. The transgene encodes an enzymatically active RNA that
can bind to and cleave the RNA from the oncogene

Single-chain antibodies that act intracellularly to bind to and disrupt
the oncoprotein.

Dominant negative forms of the oncoprotein that serve to block its
activity.

(Alvarez et al., 2000;
Georges et al., 1993;
Gordon et al., 2004;
Gordon et al., 2000;
Jansen et al., 2000;
Russell et al., 1999;
Thompson et al,
1995)

Expression of tumor suppressor genes
Gendicine: adenovirus vector carrying the p53 gene.

(Tazawa et al., 2013;
Wilson, 2005)

Expression of suicide genes:

Herpes simplex type-1 thymidine kinase/ganciclovir (HSV-TK/GCV)
and cytosine deaminase/5-fluorocytosin (CD/5FC).
Retrovirus-mediated HSV- 1TK suicide gene therapy for metastatic
melanoma.

(Altaner, 2008;
Klatzmann et al.,
1998)

I ncrease tumor immunity:

Tumor antigens: Viral vectors encoding CEA, oncofetal antigen 5T4
(Trovax), MUCI plus IL-2, PSA.

Use of co-stimulatory molecules, like B7, or the TRICOM system (B7-
1, [CAM-1 and LFA-3).

(Conry et al., 1999;
Kaufman et al., 2005;
Kim et al, 2010;
Lubaroff et al., 2009;
Madan et al., 2012;
Quoix et al., 2011)

Gene therapy producing modifications of tumor microenvironment

Anti-angiogenic effects

Vectors carrying negative regulators of negative regulators of
angiogenesis such as angiostatin, endostatin, PRP, IP10, VEGF, or
chemokines such as CXCL10.

(Im et al., 1999; Li et
al., 1999; Li et al.,
1998; Li et al., 2008;
Persano et al., 2007;
Régulier et al., 2001;
Takayama et al,
2000; Wang et al.,
2009b)

Immunomodulatory transgenes

Cytokines: A retroviral vector has been used to deliver the human
IFN-yto patients with advanced melanoma in Phase 1 study.
Adenoviral and canarypox vectors have both been used for
intratumoral administration of the human IL-2 gene in Phase I studies
in melanoma, lung and breast cancer.

Stimulate T cell response by CD40L administration in bladder cancer
T cell modification therapy: aimed to express tumor specific TCR
genes in T cells (anti-MART-1, CEA or NY-ESO-1)

DC-based cancer gene therapy. Use of DC cells transduced with
adenoviral vectors encoding 1L23, IL-12 or CD40L or RNA pulsed
encoding different TAAs

(Griscelli et al., 2003;
Hu et al., 2006; Kass
et al., 2001;
Malmstrom et al.,
2010; Mazzolini et
al., 2005; Morgan et
al., 2006; Nemunaitis
et al., 1999a;
Nemunaitis et al.,
1999b; Park et al.,
2011; Stewart et al.,
1999; Tartaglia et al.,
2001; Tomihara et
al., 2008; Vacchelli et
al., 2013)
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4.2 Choosing a viral vector

In gene therapy clinical trials the most commonly used gene delivery systems
have been based on adenovirus (Ad), retrovirus, poxvirus, adeno-associated virus
(AAV) and herpes simplex virus, which were cumulatively used in more than 66% of
all clinical trials until to date (figure 10). Initially, gene delivery systems were
developed from these viruses since they are easily manipulated in vitro and have been
studied in great detail. These viral vectors have a wide range of attributes presenting
different advantages and drawbacks that determine their suitability for different

therapeutic applications (table 3).

Vectors Used in Gene Therapy Clinical Trials {‘\,*ﬂ

Adenovirus 22.2% (n=508)
@ Retrovirus 18.4% (n=420)
. @ Naked/Plasmid DNA 17.4% (n=3%7)
\ @ Vaccinia virus 7.2% (n=165)
: Adenoc-associated virus 6% (n=137)
Lipofection 5% (n=115)
Lentivirus 5% [n=114)
Poxvirus 4.4% (n=101)
Herpes simplex virus 3.2% (n=73)
Other vectors 7.6% (n=174)
@ Unknown 3.3% (n=78)

0200000

The Journal of Gene Medicine, © 2015 John Wiley and Sons Lid www_wiley.co.uk/genmed/clinical

Figure 10: Vectors used in Gene Therapy Clinical Trials. Reproduced from (Ginn et al., 2013).

Although adenoviral vectors have been widely used in a vast number of different
pre-clinical applications; in the clinic they have mainly been considered for use in
applications such as cancer gene therapies or vaccination that require short-term gene
transfer to specific cell types and/or organs [reviewed in (Stone and Lieber, 2006)]. The
lack of integration and host immune responses limits their use for long-term therapies,

while the relative toxicity and high levels of human exposure make it undesirable for
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some therapies. Nevertheless, adenovirus can infect a wide variety of cells with high

transfection efficiency.

On the other hand, adeno-associated virus (AAV) is considered to be the safest
viral vector system since it is based on a non-pathogenic human virus that can only
replicate in the presence of a helper virus co-infection. For this reason, AAV is quickly
becoming the viral vector of choice in clinical trials and particularly those which require
long-term correction or enhancement of a genetic defect. While AAV has a good safety
profile and is able to facilitate long-term gene expression to several organs, it is limited
by a number of factors. The small genome of AAV limits the size of potential
therapeutic genes that can be packaged, while there is a clear inability to efficiently
infect certain cell types (such as hematopoietic stem cells) that are considered essential
targets for a number of genetic therapies (Daya and Berns, 2008; Mueller and Flotte,

2008).

Table 3: Characteristics of different viral vectors. Modified from (Vorburger and Hunt,

2002).
Adenovirus AAV Alphavirus | Herpesvirus | Retrovirus | Lentivirus Va\t;:lrsna
- Genome dSDNA ssDNA ssRNA dsDNA ssRNA ssRNA dsDNA
%’. Capsid Icosahedral | Icosahedral | Icosahedral | Icosahedral | Icosahedral | Icosahedral Complex
f Coat Naked Naked Enveloped | Enveloped | Enveloped | Enveloped | Enveloped
= —
§ Virion Negative Negative Negative Negative Positive Positive Positive
e polymerase
[¢] . .
z Vvirion 7090 nm | 18-26nm | 60-70nm | 150-200 nm | 80-130nm | 80-130nm | 300-450 nm
g diameter
Genome size 38-39 kb 5kb 12 kb 120-200 kb 3-9kb 3-9 kb 130-280 kb
Dividing Dividing Dividing Dividing o Dividing Dividing and
. and non and non and non and non Dividing and non Lo
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We have selected an adenoviral vector as the method to restore HLA class |
expression because this vector is considered to be the most effective vector in gene
delivery (Cevher et al., 2012) and they have several biologic characteristics that can
make them effective for cancer gene therapy: (1) a broad host/ cell range, (2) high levels
of gene expression, (3) they infect dividing and non dividing cells (Seth, 2000), and (4)
low risk of insertional mutagenesis (Jager and Ehrhardt, 2007). In addition, we have
previous experience working with this vector. Moreover, we also decided to compare it
with AAV, which has low pathogenicity, immunogenicity and toxicity. Among the
drawbacks are small packaging capacity (up to 4,5kb) (Warrington and Herzog, 2006)

and lesser transfection efficacy than adenovirus.

4.3 Adenovirus

Adenovirus is a DNA virus that contains about 36 kb of lineal double-stranded
DNA encapsulated in an icosahedral protein capsid, constituted by about a dozen
proteins and no lipid envelope (Shenk, 1996). The virion also has a unique fiber
associated with each penton base of the capsid which is implicated in cell recognition

and internalization. Figure 11 illustrates Adenovirus structure.

Viruses of the family Adenoviridae infect various species of animals, including
humans. Adenoviruses were first isolated in human adenoids in 1953 (Rowe et al.,
1953) and there are at least 57 serotypes of human adenovirus, Ad1-Ad57, which form
seven “species”, each denominated from A to G (Horwitz, 1996). All serotypes are
similar in general structure and the functions of most proteins, but certain unique
protein functions contribute to the unique properties of the serotype and the species.
Group C (Adl, 2, 5, 6) are usually acquired in early childhood and whose infection can

be asymptomatic or can lead to disease which is usually mild in immunocompetent
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individuals, causing respiratory infections and to a lesser extent, infect the
gastrointestinal and urinary tracts. Vectors based on this group are currently the most

commonly used for gene transfer for cancer treatment.
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Figure 11. Schematic representation of adenovirus structure. Icosahedral structure is mainly formed by
hexon proteins. The fibers are associated to the penton base and recognize cell receptor through the knob
domain.

Viral cycle is initiated with the entry of adenoviruses into the host cell, which
involves two sets of interactions between the virus and the host cell. Entry is initiated by
the knob domain of the fiber protein binding to the cell receptor. The two currently
established receptors are: CD46 for the group B human adenovirus serotypes and the
coxsackievirus adenovirus receptor (CAR) for all other serotypes (Bergelson et al.,
1997; McDonald et al., 1999). After anchoring at the CAR, the adenoviruses achieve
internalization through a secondary interaction of a specialized motif in the penton base
protein of the capsid with av integrins (alpha v beta 3 and alpha v beta 5) present on the
target cells, stimulating internalization of the adenovirus (Wickham et al., 1994).
Binding to av integrin results in endocytosis of the virus particle via clathrin-coated pits
within an endosome. Once the virus has accessed into the cell, the endosome acidifies
causing capsid components to disassociate. These changes results in the release of the

virion into the cytoplasm. The virus is transported to the nuclear pore complex with the
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help of cellular microtubules, whereby the adenovirus particle disassembles. Viral DNA
is subsequently released and enters the nucleus via the nuclear pore (Ziello et al., 2010).
After this the DNA associates with histone molecules, but it does not integrate into the
host genome, remaining in the nucleus as an episomal element. Thus viral gene
expression can occur and new virus particles can be generated. Figure 12 summarizes

adenovirus infection and replication pathway.
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Figure 12. Adenovirus infection and replication pathway. Entry is initiated by fiber binding to the cell
receptor (CAR) and is enhanced through a secondary interaction with av integrins, which results in
endocytosis of the virus particle. Once the virus has accessed into the cell, the endosome acidifies causing
capsid components to disassociate. These changes results in the release of the virion into the cytoplasm.
The virus is transported to the nuclear pore complex with the help of cellular microtubules, whereby.
Viral DNA is subsequently released and enters the nucleus via the nuclear pore. After this the DNA
associates with histone molecules, but it does not integrate into the host genome, remaining in the nucleus
as an episomal element. Viral gene expression occur in two phases, early phase, where regulatory genes
are encoded, and late phase, where the strong major late promoter (MLP) mediates the transcription of
late virus genes which encode the viral structural proteins and proteins for the maturation of viral
particles. Finally all the genetic material produced is packed and new virus particles can be generated.
Reproduced from (Waye and Sing, 2010).

After entry into the nucleus, adenovirus genome initiates transcription. The

genome of adenovirus, flanqued by ITRs encodes approximately 35 proteins that are
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expressed in two general phases: early phase, which occurs prior to the initiation of viral
DNA replication at about 7 hours post-infection, and late phase, which occurs following
the initiation of DNA replication. In both phases a primary transcript is generated which
is alternatively spliced to generate monocistronic mRNAs compatible with the host’s
ribosome, allowing for the products to be translated. During the early phase of viral
replication, four non-contiguous regions of the viral genome are quickly expressed (E1
to E4), and transduce 20 early proteins which have regulatory functions that allow the
virus to alter the expression of host proteins that are necessary for DNA synthesis, to
activate other virus genes (such as the virus-encoded DNA polymerase), and to avoid
premature death of the infected cell by the host-immune defenses (Bennett et al., 1999;
Chatterjee-Kishore et al., 2000). In the late phase, late genes codify mainly structural
proteins of the virus to pack all the genetic material produced. Once the viral
components have successfully been replicated the virus is assembled into its protein
shells and released from the cell as a result of virally induced cell lysis. Virions
assemble in the nucleus starting at about 1 day postinfection, and after several days the
cell lyses to release infectious virus. About 10,000 progeny virions are produced in

permissive cells.

Using Adenovirus as a vector

At least three regions of the viral genome can accept insertions or substitutions
of DNA to generate a helper independent virus: a region in El, a region in E3, and a
short region between E4 and the end of the genome (Hitt and Graham, 2000; Imperiale
and Kochanek, 2004). From the first adenoviral vector generated for gene therapy to
nowadays, several generations of adenovirus have been developed, improving some

capacities and trying to solve drawbacks.
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In the first-generation vectors, the El region was removed to avoid viral
replication, and a heterologous transgene is substituted for the viral E1 genes. Vectors
have also been constructed in which the viral E3 region has been deleted to provide
additional free space, or is substituted by a second transgene. Adenoviral vectors that
have deletions in the E1 and E3 regions can carry 7000-8000 base pairs of genetic
material (Bett et al., 1994). One of the approaches to construct E1 deleted adenovirus is
homologous recombination (Hardy et al., 1997) where a purified adenoviral genome
with deleted E1 and/or E3 regions, is co-transfected with a shuttle vector that contains
the left handed ITR, the E1 enhancer, the encapsidation signal, the cytomegalovirus
promoter, a multicloning site for insertion of the therapeutic gene, and the SV40
poly(A) signal followed by sequences from the adenoviral genome located 3" of the El
domain. Replication-impaired adenoviral vectors must be grown on cell lines that
complement the missing E1 functions, such as 293, an embryonic kidney cell line
whose genome carries the adenoviral E1 region (Graham et al., 1977). However, even in
the absence of E1 gene products, there was low-level transcription of the remaining
viral genes, resulting in early innate host cytokine transcription followed by antigen-
dependent immune responses (Hartman et al., 2008). This resulted in a reduction of the
period of gene expression because of cell-mediated destruction of the transduced cells

(Kay et al., 1995; Yang et al., 1995; Yang and Wilson, 1995).

Replicating or conditionally replicating vectors (CRAdV) employed in cancer
treatments typically retain all or most of these regions but have modifications to allow
for preferential replication in particular cell types. These modifications typically fall
into two classes, those where expression of critical viral functions, such as those of the

viral E4 region, is transcriptionally regulated by a tissue- or tumor-specific promoter
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and those where modifications have been made in the E1 region to allow for preferential

replication in tumor cells but not normal cells (Everts and van der Poel, 2005).
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Figure 13. Schematic representation of wild-type adenovirus genome and different generations of
adenovirus. Genomes are divided into 100 map units (28 to 38 kb). E1 to E4: early transcript units, L1 to
L5: late transcript units, ITR: inverted terminal repeats, MLP: major late promoter, y: packaging signal,
FGAdV: first generation adenoviral vectors, CRAdV: conditionally replicative adenovirus, SGAdV:
second generation adenovirus, TGAdV: third generation adenovirus. Reproduced from (Dormond et al.,
2009)

Second generation adenoviral vectors have deletions of various E1, E2, and E4
genes (Lusky et al., 1998), because viral proteins encoded by these DNA sequences
were shown to induce most of the host immune response. These new adenovirus vectors
have decreased toxicity and show prolonged gene expression in vivo (Engelhardt et al.,
1994; Schiedner et al., 1998) , but they need the isolation of a complementary cell line
(Dormond et al., 2009). However, an important limitation in the use of recombinant
adenoviruses has been the difficulty to obtaining efficient gene transfer upon a second
administration of virus due to the strong humoral and cellular immune responses it

elicits (Bangari and Mittal, 2006).

To minimize the immune responses, the third generation of adenovirus or

“gutless” vectors was developed. Gutless vector contain only the viral terminal repeats
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and the packaging sequence (Kochanek et al., 1996) meanwhile all other viral
components are deleted, thus it can accommodate up to 36 kb of exogenous DNA and
does not trigger strong immune responses. However, gutless adenovirus vector, due to
the deletion of most viral components, requires helper plasmid or virus for production,
making the production process more complicated. Furthermore, the transgene

expression appears to be weakened (Evans et al., 2006).

Adenoviral cancer genetherapy

Adenovirus potential as anti-tumor therapy was evident after the observation of
tumor regression in patients with cervical carcinoma following adenovirus
administration (Huebner et al., 1956). Despite the concern over safety of use adenovirus
vectors in relation to immune responses and after the first death reported subsequent to
adenovirus administration, adenoviral therapeutic applications have demonstrated to be

safe in a large number of clinical trials (Wold and Toth, 2013).

Different adenoviral vectors have been tested in clinical trials with promising
results as showed by the approval of two vectors in China for cancer treatment, both
carrying p53 gene: Gendicine ®, in 2003, being the first gene therapy vector for
commercial use in combination with chemotherapy (Wilson, 2005), and ADVEXIN
(Senzer and Nemunaitis, 2009). Conditionally replicative vectors has also obtained
promising results in the treatment of different types of cancer, as ONYX-015 (Lamont
et al., 2000; Nemunaitis et al., 2001), Ad5-RGD-D24-GMCSF (Pesonen et al., 2012),
ICOVIR-5 (Cascallo et al., 2007), the oncolytic adenovirus vector CV706 evaluated for
recurrent prostate cancer (Chen et al., 2001; DeWeese et al., 2001), or the conditionally
replication-competent adenovirus DELTA-24-RGD in recurrent glioblastoma

multiforme (EudraCT Number: 2007-001104-21).
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Adenoviral vectors have also been developed with the purpose to boost
anticancer immunity against cancer, by delivering different cytokines, including IL-12
(Cao et al., 2013), a truncated form of survivin in combination with IL-2 (Zhang et al.,
2012) or IFN-y (ClinicalTrials.gov Identifier:NCT01082887) in melanoma, but also in
prostate cancer, injecting adenovirus encoding IL-12 after radiation therapy in prostate
resistant cancer (ClinicalTrials.gov Identifier: NCT00406939), or GM-CSF in Patients
with non-muscle invasive bladder cancer who have failed BCG (ClinicalTrials.gov
Identifier: NCTO01438112). Co-stimulatory molecules have been also tested using
adenoviral vectors as the co-expression of B7-1 with cytokines like GM-CSF using an
oncolytic virus (Kanerva et al., 2013), or the transduction of CD40 ligand to orthotopic
bladder cancer model that elicited strong anti-tumor immunity and suppressed tumor

growth (Loskog et al., 2004; Loskog et al., 2005; Malmstrom et al., 2010).

4.5 Adeno associated virus

AAV are single-stranded DNA virus which belongs to the family Parvoviridae
and are placed in the genus Dependovirus. Discovered in 1965 (Atchison et al., 1965),
they are called associated virus because productive infection by AAV requires the
presence of an adenovirus or members of the herpes virus family for efficient
replication (Buller et al., 1981; Casto et al., 1967). Although most people have been
exposed to wild-type AAV and are seropositive for AAV antibodies, AAV infection is
not associated with any known disease (Berns and Linden, 1995). Until to date, more
than 100 human and non-human primate AAVs have been identified, including 12

human serotypes.

The viral genome of 4,7 kb consists of two genes, each encoding multiple

polypeptides: rep, required for viral genome replication; and cap, which produces
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structural proteins. These two genes are flanked by viral ITRs that are composed by 145
nucleotides in length. The first 125 nucleotides of the ITR constitute a palindrome,
which folds upon itself to maximize base pairing and forms a T-shaped hairpin
structure. The ITRs are important cis-active sequences in the biology of AAV,
constitute the origin of replication and serves as a primer for second-strand synthesis by
DNA polymerase [reviewed in (Daya and Berns, 2008)]. The four Rep proteins are
crucial for genome replication, transcription, integration and encapsidation. The three
structural capsid proteins assembly into a 60-subunit icosahedral capsid with help of an
essential assembly-activating protein (AAP) (Naumer et al., 2012). Following infection
in the absence of helper virus, the double strand DNA of AAV (serotype 2) is retained
in circular episomal form or can set up latency by integrating into AAVSI site in human
cells (Kotin et al., 1990) localized in chromosome 19q13.4, until subsequent rescue

upon helper virus co-infection.

The intracellular transport of AAV has been previously reviewed
(Nonnenmacher and Weber, 2012). The target cell specificity of AAV relies on capsid
interactions with cell surface receptors. Importantly, most sequence variability between
different AAV serotypes is located in the surface-exposed regions of the capsid (Xie et
al., 2002), which may explains the different tropism between serotypes. AAV2, the
most studied AAV serotype, gains entry into target cells by using the cellular receptor
heparan sulfate proteoglycan (HSPG) (Summerford and Samulski, 1998).
Internalization is enhanced by interactions with one or more of at least six known co-
receptors including aVB5 and aVBlintegrins (Asokan et al., 2006; Summerford et al.,
1999), fibroblast growth factor receptor 1 (Qing et al., 1999), hepatocyte growth factor
receptor (Kashiwakura et al., 2005) and laminin receptor (Akache et al., 2006),

suggesting that AAV?2 infection requires a primary glycan receptor together with a co-
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receptor for optimal attachment and internalization. After AAV binding to the surface of
the target cell via one or more receptors/co-receptors, the virus/receptor complex will be
uptake by endocytosis with subsequent invagination of the cell membrane following

different pathways (Doherty and McMahon, 2009; Mayor et al., 2014).

Figure 14. Course of AAV infection. 1) Viral particles bind to cell membrane specific receptor and co-
receptor. 2) Endocytosis of the virus/receptor complex. 3) Endosomal trafficking of virus. 4) Import of
virus through the nuclear pore complex. 5) Uncoating of virus and DNA release. 6) Replication of the
single strand DNA to double strand. The presence of helper virus will determine if AAV DNA remains as
an episomal element, or it will be integrated in host genome.

The next steps which can be collectively characterized as “endosomal
trafficking”, include the maturation of virus-containing vesicles through the
acidification of endocytic compartments, either late endosomes, recycling tubular
endosomes or lysosomes (Bartlett et al., 2000; Douar et al., 2001; Sonntag et al., 2006),

followed by retrograde transport to Golgi and/or the endoplasmic reticulum.

Endosomal trafficking is most likely followed by the nuclear import of the viral
particle through the nuclear pore complex. Once the virus has gained access to the

nucleus, it is readily transported to the nucleolus, in which it is maintained as an intact
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particle until its egress into the nucleoplasm (Johnson and Samulski, 2009). After
nuclear translocation, single-stranded DNA is released by capsid uncoating and

converted into double-stranded DNA to allow transgene expression.

Using AAVsasvectors

AAVs are non pathogenic to humans and show relatively low host immune
response and weak toxicity. AAV can mediate long term transgene expression in a wide
variety of cells, including dividing and non-dividing cells. These advantages have
inspired the wide application of recombinant AAV vectors for gene delivery (Mingozzi
and High, 2011). Currently, AAV appears to be one of the most promising vectors for
gene therapy, and may offer the best compromise between safety and efficacy for in
vivo gene transfer (Evans, 2012; Evans et al., 2006). In 2012, Glybera®, an AAV vector
designed to treat lipoprotein lipase deficiency, becomes the first gene therapy product

approved in the Western world (Yla-Herttuala, 2012).

Initially recombinant AAV (rAAV) vectors have been based mostly on AAV?2,
but today more serotypes (1 to 9) are being tested. The efficiency of rAAV transduction
is dependent on the efficiency at each step of AAV infection. Vectorization of wild-type
AAYV has been usually done by removing all viral coding sequences (cap and rep genes)
and keeping the ITRs, since they contain the necessary cis-acting sequences for
replication and packaging, and have been adapted for gene delivery by placing
heterologous DNA sequences of choice between flanking ITRs (Daya and Berns, 2008).
Replication and assembly of recombinant rAAV virions is produced by adding to
productive cells several plasmids containing the ITRs flanking the therapeutic gene
cassette, the rep/cap genes, and the addition of adenoviral helper genes, which initially

where provided by an adenovirus, but latter approaches improved the AAV production
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by adding the essential adenoviral helper genes inserted in a third plasmid (Matsushita
et al., 1998; Xiao et al., 1998). The packaging capacity of AAV is about 5.0 kb, which
is a major limitation of this vector system. Nevertheless, the discovery of vector genome
linkage has allowed to double the limited coding capacity by splitting a gene or
expression cassette into two vectors and simultaneously administering them to muscle
or liver (Nakai et al., 2000). The wild-type virus in the presence of rep has a propensity
to integrate into a specific region of human chromosome 19, but this property is lost in
AAYV vectors due to the absence of the rep gene. In cells transduced by rAAV, vector
genomes are maintained predominantly as episomal circular monomers and

concatemers.
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Figure 15. AAV genetic structure and derived vectors. a) Wild type AAV; b) AAV vector containing only
the ITRs of the wild virus, the transgene and its promoter and the polyadenilation signal sequences; c)
AAV packaging construct including cap and rep genes. d) Minimal helper construct derived from
adenovirus. Modified from (Pfeifer and Verma, 2001).

Several approaches have been realized in order to improve rAAV as gene
delivering vectors, focusing in modify AAV tropism and enhance transduction, and
decrease the host immune response. A critical step in AAV vector development was the
discovery that the prototypic AAV2 vector genome could be cross-packaged into the

capsids of multiple different AAV isolates from a diversity of species (Rabinowitz et
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al., 2002). This process, known as pseudo-serotyping, has proven to confer novel
tropism and biology on individual genome/capsid configurations, and enhance the

utility and flexibility of the AAV vector system.

The design and use of self-complementary AAV (scAAV) vectors to bypass the
limiting aspects of second-strand synthesis have been described previously (McCarty et
al., 2001). The rationale underlying the scAAYV vector is to shorten the lag time before
transgene expression and potentially to increase the biological efficiency of the vector.
scAAV vectors can fold upon themselves, immediately forming transcriptionally
competent double-stranded DNA. One consequence of the use of scAAV is that the
maximal size of the transgene is reduced by 50% (2.4-kb capacity), but up to 3.3 kb of
DNA can be encapsidated (Wu et al., 2007). Rapid transduction has been observed

using scCAAV in both tissue culture and in vivo experiments.

Other development in order to enhance AAV transduction came from a series of
studies on the role of tyrosine phosphorylation in viral trafficking and gene expression.
Highly efficient transduction could be achieved in human cells in vitro and in murine
hepatocytes in vivo using AAV vectors containing single-point mutations of surface-

exposed tyrosine residues in the AAV2 VP3 capsid (Zhong et al., 2008).

One challenge to the clinical application of AAV is that a large portion of human
population has been previously exposed to AAV and possesses neutralizing antibodies
against AAV diminishing the in vivo efficacy of AAV (Frank et al., 2009; Nayak and
Herzog, 2010). Several studies have shown that recombinant AAV vectors can be
modified in terms of either the expression cassette or the capsid structure with the aim
of mitigating cellular and humoral immunity. Restricting the expression of transgene to

the target tissue would allow enhanced vector performance and prevent antigen
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presentation by APC and subsequent immune activation (Nathwani et al., 2006; Ziegler
et al., 2004). Capsid engineering of AAV vectors is also an effective approach to evade
immune response and augment their transduction potential. Covalent attachment of
synthetic polymers onto the virion surface can shield the antigen binding sites from
neutralizing effects of anti-AAV antibodies and circumvent the challenge of pre-
existing immunity (Le et al., 2005; Lee et al., 2005). Genetic modification of the capsid
by mutating the neutralizing antibodies epitopes is an alternate way to generate low
immunogenic AAV. Rational design utilizes either insertion of peptides at specific
positions that disrupt the antibody binding site of viral capsid or site-directed
mutagenesis of specific residues of immunogenic peptides on AAV2 capsid (Lochrie et

al., 2006; Wobus et al., 2000).

Cancer genetherapy using AAV

In recent years, gene therapies with different subtypes of AAV vectors have
been reported for treatments of a variety of diseases, from cystic fibrosis (Flotte et al.,
1996)), deficiency in lipoprotein lipase (Glybera), hemophilia B (Nathwani et al.,
2006), muscular dystrophies (Anisimov et al., 2009), Alzheimer disease’s (Kou et al.,

2015), to liver cancer (Glushakova et al., 2009).

AAVs have been successfully used to deliver and transfer a variety of
therapeutic genes to cancer cells in mice models with different approaches to inhibit
tumor initiation, growth, and metastasis. One of the most promising is the use of suicide
genes, as the rAAV carrying the herpes simplex virus thymidine kinase
gene/ganciclovir pro-drug (HSV-tk/GCV) system, which have shown to generates
strong antitumor efficacy (Kim et al., 2011; Pan et al., 2012). The AAV-mediated anti-

angiogenesis gene therapy strategy is headed by the transfection of VEGF, showing that
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single intravenous administration of AAV/VEGEF led to long-term efficacy permitted
suppression of primary tumor growth and prevention of pulmonary metastasis (Lu et al.,
2012). AAV-mediated transduction of other anti-angiogenic genes, such as pigment
epithelium derived factor (PEDF) also showed significant inhibition of tumor

angiogenesis, tumor growth, and metastasis (He et al., 2012; Wu et al., 2012).

AAV-mediated immune gene therapy is becoming an important approach in the
treatment of different cancers, for example the use of AAV2 transfecting PSA in
prostate cancer (Mahadevan et al., 2007), IL-12 in glioblastoma (Chiu et al., 2011) or
IL-15 in cervical cancer (Yiang et al., 2009) and breast cancer (Yiang et al., 2012).
Other serotypes also have been used as AAVS transferring (CCR4) in lymphoma (Han
et al., 2012), AAVS and AAV9 carrying HPV16 L1/E7 in HPV tumors (Nieto et al.,
2009) or AAV6 and AAV2 transducing LMP1 and LMP2 in nasopharyngeal carcinoma
(Pan et al., 2009). Other AAV-mediated gene therapies include the gene delivery of the
extracellular domain of murine PD-1 (Elhag et al., 2012), FasL in human laryngeal
carcinoma Hep2-bearing nude mice (Sun et al., 2012) or the cell binding domain and C-
terminal heparin-binding domain (CBDHep II) recombinant polypeptide of human

fibronectin in breast carcinoma (He et al., 2014).

Some novel phase I cancer gene therapy clinical trials using AAV are active or
are recruiting new participant. The first one uses DCs infected with AAV carrying
carcinoembryonic antigen (CEA) gene to induct cytotoxic T lymphocytes against tumor
cells in the treatment of stage IV gastric cancer patients (ClinicalTrials.gov Identifier:
NCT01637805). The second one uses AAV carrying the human aquaporin-1 gene to
infect parotid salivary gland of squamous cell head and neck cancer patients with
irradiation-induced parotid salivary hypofunction (ClinicalTrials.gov Identifier:

NCT02446249)
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4.6 Targeting HL A in cancer gene therapy

It has been described above that the inability of the immune system to recognize
malignant cells may be due to the loss of tumor HLA-I expression and lack of
presentation of TAA to T cells. Moreover, immunotherapy treatments can lead to
immune selection of cancer cells with irreversible alterations in HLA-I genes, like LOH
in chromosome 6 and 15, which finally develop malignant lesions resistant to therapy
(Aptsiauri et al., 2008; Carretero et al., 2011; Carretero et al., 2008; Carretero et al.,

2012).

HLA downregulation can be restored by cytokine treatment and patients may
therefore benefit from T-cell-based immunotherapy. However, patients with tumors
harboring irreversible HLA class I loss due to structural defects, have a low probability
of benefiting from this therapeutic approach. Only restoration of damaged genes by

means of gene therapy can recover normal HLA-I expression.

Restoration of HLA-I expression has been employed previously to show the
relevance of class I molecules in specific tumor lysis by CTL and NK cells (Tanaka et
al., 1985). In various experimental systems, introduction of the MHC class I molecules
into class I-negative tumor cells led to higher immunogenicity and decreased
tumorigenicity of these cells (Hui et al., 1984; Wallich et al., 1985). In our laboratory,
we constructed previously a replication-deficient adenoviral vector with human f2m
gene in order to recover HLA class I expression in various HLA class I-negative cancer
cell lines with a double knockout of the two f2m gene copies (del Campo et al., 2009).
The functional ability of the newly expressed HLA class I complex to present peptides
to T cells in HLA-restricted manner was confirmed in ELISPOT and CTL assays. In

addition, in vivo experiments using human tumor xenograft model, the intra-tumoral
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injection of PB2m carrying vector led to the restoration of normal HLA class I
expression. We showed that this replication-deficient adenoviral vector-carrying human
B2m gene is effective in restoration of HLA class I expression in various types of f2m-

negative human tumor cells.

Nevertheless, loss of an HLA-I haplotype or allele caused by mutations or LOH-
6 are also frequent, and can be detected alone or in combination with chromosome 15
aberrations (Chang et al., 2005; Koopman et al., 2000). Loss of expression of one
particular allele, HLA-A2, has been reported in different types of cancer (Brady et al.,
2000; Geertsen et al., 2002; Masuda et al., 2007; Norell et al., 2006; Serrano et al.,
2000) with important clinical implications since HLA-A2 allele has one of the widest
peptide repertoires among human class I molecules (Maecker et al., 2005; Paul et al.,
2013). Moreover, many of cancer vaccines and immunotherapies use HLA-A2-specific
tumor peptides to stimulate A2-restricted CTL responses in patients who are positive for
HLA-A2 allele (Mackensen et al., 2006). Hence, loss of this particular allele in tumor
could compromise the efficacy of immunotherapy, and the recovery of HLA-A2
expression using gene transfer methods might improve the clinical outcome of the

treatment.
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Objectives

HLA class I antigens are key molecules in tumor cells recognition by cytotoxic
CD8+ T-lymphocytes. Loss of HLA class I expression is a well documented
phenomenon in human cancer associated with cancer immune escape. It has been
described in a wide variety of primary tumors, metastatic lesion and tumor cell lines
derived from them. However, in some types of malignant diseases, including prostate
cancer, this knowledge is limited due to various factors, such as lack of cryopreserved
primary tumor samples and few prostate tumor cell lines available for HLA analysis and
modulation of its expression. The use of cancer cell lines facilitates the study of HLA-I
alterations, as well as allows manipulation of different factors implicated in its

expression.

Molecular mechanisms causing aberrant HLA class I expression can range from
total loss to partial alterations (locus and allelic losses) and can be classified, according
to the type of underlying molecular defect, as regulatory alterations (“soft”) or structural
alterations (‘hard’). Structural defects are caused by mutations and structural aberrations
in HLA genes leading to permanent loss of expression, which can be recovered only by
gene transfer methods. Due to the HLA allele-specific restriction of tumor associated
antigenic peptide presentation, it is believed that the loss of only one HLA allele can

lead the tumor to escape.

Prostate cancer is one of the most common types of cancer in men. HLA-I
alterations have been previously reported in prostate cancer; however, information
regarding the frequency and the associated molecular mechanisms is incomplete. With
the development of immunotherapy in the era of personalized medicine molecular
analysis of tumor HLA expression becomes essential for optimization of cancer

treatment. Restoration of HLA-I genes trough gene therapy is the only way to recover
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tumor HLA class I expression, and might therefore correct the inability of CTLs to
recognize and eliminate tumor cells. Different viral vectors, including adeno-associated
vectors (AAV) have emerged recently as good candidates for cancer gene therapy,
providing some advantages over other well established vectors as adenovirus. Testing
their suitability for HLA restoration in cancer cells could be useful for future
applications. HLA-A2 is the most common allele in European population with one of
the widest peptide repertoires among human class I molecules, which makes this allele

an attractive target for HLA class I recuperation using gene therapy.

Objectives:

a. Analysis of the frequency of HLA alterations in prostate primary tumors

and association of HLA alterations with clinico-pathological data.

b. Analysis of the molecular mechanisms implied in HLA loss in prostate

primary tumors and cancer cell lines.

c. Comparative analysis of viral vectors (different AAV serotypes and
adenovirus) for the optimization of the effectiveness of HLA gene

transfer in tumor cells with different histological origin.

d. Recovery of total and allelic losses of HLA class I expression in human
cancer cell lines using viral vectors carrying HLA-A2 and/or Beta-2-

microglobulin genes.
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1.- Patients and tumour samples

Material and methods

We analyzed 42 cryopreserved human prostate tumours and 12 prostatic benign

hyperplasia (BH) samples collected from patients after
radical prostatectomy between 1994 and 2006 in the
Virgen de las Nieves University Hospital of Granada
(Spain). We also analyzed a separate group of 6
samples collected between 2008 and 2010 (primary
prostate tumours with adjacent normal epithelium). The
research protocol was approved by the hospital
institutional review board and ethical committee.
Tumour Gleason grade and TNM were characterized
according to the guidelines of the FEuropean
Association of Urology. Tumours were also classified
by disease progression risk according to the D’ Amico
criteria (D'Amico et al., 1998) based on known risk
factors: clinical stage, Prostate Specific Antigen (PSA)
level and Gleason tumour grade. Perineural invasion
(PNI) was  determined by  histopathological
examination. Clinical-pathological characteristics of

the patients are summarized in Table 1.

2.- Cdl lines

Table 1. Clinico-pathological
characteristics of the patients

and tumours

Stage

PSA

Gleason

Cancer
Risk

Perineural
Invasion

Recurrence

pT1l-2c
pT3a-4
n.a

<10
210, <20

220

n.a

<7

>7
n.a

Low
Medium
High
n.a

yes
no
n.a

yes
no
n.a

15
20

25
15
2

Nn: number of cases analyzed
n.a: not analyzed

We used four groups of human tumour cell lines for virus-mediated

recovery/upregulation of HLA-A2 and/or f2m based on the baseline expression status

of these molecules (Table 2). In addition, we studied the HLA expression of twelve
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previously unreported prostate cell lines. Ando-2 was kindly provided by Dr P. Coulie
(Université Catholique de Louvain (UCL), Brussels, Belgium) and is characterized by
the loss of HLA-A2 expression due to HLA-I haplotype loss (Paco et al., 2007).
Prostate cancer cell lines DU145 and PC3, bladder cancer cell lines T24, WIL and
RTI112, and Burkitt lymphoma DAUDI were obtained from American Type Culture
Collection (ATCC). All melanoma cell lines, except for Ando-2, were obtained from the
European Searchable Tumour Cell Line Data Base (ESTDAB) (Pawelec and Marsh,
2006) and have been previously genotyped for HLA-I and characterized for HLA
phenotype (Méndez et al., 2008). Twelve prostate cell lines derived from cancerous
and/or normal prostate epithelia of eight different PC patients (and immortalized by
HPV16/18-E6/E7 gene transfer) were provided by our collaborators from Onyvax
Limited (St George’s Hospital, UK) as a part of the European ENACT project
(European Network for the identification and validation of Antigens and biomarkers in
Cancer and their application in clinical Tumour immunology, LSHC-CT-2004-503306).
Malignant prostate cells in culture retained neoplastic phenotypes and prostate-specific
markers. Cell line identity was confirmed by HLA typing using genomic sequencing

technique.

Bladder cancer cells were cultured in Dulbecco media supplemented with 10%
heat inactivated fetal calf serum (FCS), 2 mM L-glutamine and 1%
penicillin/streptomycin. Prostate cancer cells, except for DU145, PC3 and LnCaP, were
cultured in keratinocyte medium with a growth supplement (Gibco, Paisley, UK;
Invitrogen, Carlsbad, CA, USA). All melanoma cells, and prostate cells DU145 and
PC3, were grown in RPMI-1640 medium (Biochrom KG, Berlin, Germany)
supplemented with 10% FCS, 2% glutamine (Biochrom KG) and 1% penicillin

/streptomycin (Biochrom KG) at 37 °C in a humidified atmosphere with 5% CO2.
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Table 2. Genomic HLA-I typingin the studied human cancer cell lines

Cell line HLA-I genomic typing Origin
Locus A | Locus B | Locus C
Cdll line negative for HLA-A2 dueto HL A-I haplotype loss
Ando-2* | 3201 4001 [ 0304 [ Melanoma
Cell lines negative for genomic HLA-A2

PC3 2402/0101 1302/5501 0102/0602 Prostate

DU145 0301/3303 5001/5701 0602/0602 Prostate

OPCNI1 0101/2301 3701/4001 0304/0602 Prostate

OPCT1 0101/2301 3701/4001 0304/0602 Prostate

WIL** 6302 1503 1203 Bladder

T24%** 0101 1801 0501 Bladder

RT112** 2601 270305 0102 Bladder
E130** 1101 4001 30401 Melanoma

Cdll lines negative for genomic HLA-A2 allele with total HL A-I loss caused by #2m alter ations

E038 0101/2902 3501/4403 40101 Melanoma
E109 0101/2501 0801/1801 070101/120402 Melanoma

OPCN3 0101/2501 5701/5701 0602/0602 Prostate

Céll lines positive for genomic HLA-A2

E050 0201/2601 1402/3801 0802/1203 Melanoma
E102 0201/0301 1801/4001 0304/070101 Melanoma
E120 0101/0201 0702/0801 0701/0702 Melanoma
E013 0101/0201 0801/15010101 070101/0304 Melanoma
E019 0101/0201 0801/0702 0701/0702 Melanoma
E025 0101/0201 0801/15010101 0304/070101 Melanoma
E002 0201 0702/4402 0501 Melanoma
E006 0101/0201 0801/15010101 0701/0702 Melanoma
E007 0201 0702/4402 0501 Melanoma
E009 0201/0301 0702/4402 0702/0501 Melanoma
E012 0201/0101 0801/15010101 0304/070101 Melanoma
E014 0101/0201 0801/15010101 0304/070101 Melanoma
E021 0201 0702/1801 0501/0702 Melanoma
E026 0201/6802 1501/4402 0303/0704 Melanoma
E027 0101/0201 0801/15010101 0704/0304 Melanoma
E029 0201/0205 2704/4901 0102/070101 Melanoma
E043 0201/6801 4001/4002 0304/0202 Melanoma
E049 0201/0301 0702/1401 0702/0802 Melanoma
E064** 0201 0702 0702 Melanoma
E073 0201/0301 0702/1302 0602/0702 Melanoma
E074 0201 0702/4402 0501/0702 Melanoma
E076 0201/2902 1302/440301 1302/440301 Melanoma
E077 0201/2601 1302/3801 0602/1203 Melanoma
E084 0301/0201 1501/0702 0304/0702 Melanoma
E100 0201/0301 1402/44020101 0501/0802 Melanoma
E107 0201/1101 15010101/55 ND/ND Melanoma

*Ando-2 cells have loss of HLA haplotype caused by LOH-6, as confirmed by the analysis of
autologous PBMC; ** homozygote or a probable loss of heterozygocity, not confirmed due to
the absence of autologous material
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3.- HL A genomic typing

Genomic HLA typing of all cell lines and autologous PBMCs corresponding to
prostate tumours was performed using Dynal RELI®SSO Typing Trays and Dynal

RELI®SSO Strip Detection Reagent kit, following the manufacturer’s instructions.

4.- Immunohistochemistry and antibodies

The Novolink Polymer Detection System (Leica Mycrosystems) was used for
tissue immunohistochemistry and for immunocytochemical staining of tumour cells
grown on glass slides using a wide panel of anti-HLA monoclonal antibodies (mAb)
(Table 3). Results were interpreted as described previously (Carretero et al., 2011),
using immunolabeling grading system in accordance to the HLA & Cancer Component
of the 12th International Histocompatibility Workshop (IHW)) (Garrido F et al., 1996)
as negative (when <25% cells were stained), heterogeneous (when 25-75% of cells
were stained), or positive (when >75% of cells were stained). In some cases tumours
with negative and heterogeneous patterns of HLA-I labeling were grouped together as
oppose to HLA-I-positive ones. We also analyzed HLA-I/ f2m positive tumours to
identify undetected partial locus and allelic alterations. Based on the obtained results we
classified tumours into different phenotypes: positive, Phl (total loss), and partial losses

- PhIII (locus loss) and PhIV (allelic loss).

Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse (BioSigma, St

Louis, MO, USA) mAb was used as secondary Ab for FACS analysis.
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Table 3: List of monoclonal antibodies

Use Ab Recognized Antigen Reference

IHC/FACS | W6/32 HLA-I/ f2m Complex (Barnstable et al., 1978)
IHC/FACS | GRH1 B2m (Lopez-Nevot et al., 1986)
IHC/FACS | 1082C5 | HLA-A (Lozano et al., 1989)
IHC/FACS | 421B5 HLA-B (Lozano et al., 1990)

IHC/FACS | HC-10 HLA-I free Heavy Chain | (Stam et al., 1990)

IHC/FACS | MARB3 | HLA-Bw4 specificities (Rehm et al., 2000)

IHC/FACS | HB152 | HLA- Bwo6 specificities | ATCC

IHC/FACS | HA41 HLA- A23, A24 One Lambda

IHC/FACS | CRI11 HLA- A2 (Russo et al., 1983)
IHC/FACS | HB122 | HLA-A3 ATCC

IHC/FACS | HB56 HLA- B7 ATCC

IHC/FACS | MRE4 HLA- B8 kindly provided by Dr Ren¢e Fauchet, France
IHC/FACS | GRBI HLA-II DR (Saenz-Lopez et al., 2010)
IHC/FACS | TU155 | HLA-A (Hutter et al., 1996)
FACS DT9 HLA-C Millipore

FACS 6B11 HLA- Al (Carrel et al., 1994)

FACS B721 HLA-IT DP (Rodriguez et al., 2007)
FACS TU22 HLA-II DQ (Maeda et al., 1986)
FACS L368 p2M (Lampson et al., 1983)

5.- Flow cytometry

HLA expression on prostate cell lines was done by flow cytometry (BD FACS
Canto (Becton Dickinson)) using a panel of specific antibodies directed against HLA-I
and II antigens in baseline conditions and after 48-hr incubation with IFN-y (800 U/ml)
as previously described (Méndez et al., 2008). FITC-conjugated goat anti-mouse Ab
(Sigma) was used as a secondary Ab. Results are shown either as representative FACS
plots or based on fluorescence intensity as follows: - negative (MFI 0-1), + weakly

positive (MFI 1-10), ++ positive (MFI 10-100), +++ strongly positive (MFI >100).

Transgene expression after infection of the cells with recombinant vectors was also
evaluated by FACS. The expression of GFP was evaluated directly, while the cell
surface expression of HLA class I complex, and of HLA-A2 and f2m molecules was
evaluated by indirect immunofluorescence using specific antibodies (table 2). Results
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were presented as representative fluorescence plots, as mean fluorescence intensity
(MFI) bars or as percentage of positive cells. Data were analysed using Flowing

Softwarg(University of Turku, Finland).

6.- Tissue microdissection, DNA/RNA isolation, and rever se transcription

Cryopreserved 6-pm thick tissue sections were stained with a 0,05% wt/vol
solution of toluidine blue and microdissected using the Laser micromanipulator PALM
Microlaser System (Zeiss). Microdissected fragments were collected in PALM
Adhesive Caps and used for RNA and DNA isolation. DNA and RNA extraction of
microdissected tissue was performed using the QIAmp DNA mini kit (QIAGEN) and
the miRNeasy mini kit (QIAGEN), respectively. In cell lines, total cellular RNA was
extracted using the RNeasy Mini Kit (Qiagen). cDNA synthesis was performed with the
iScript™ cDNA Syntheis Kit (BIORAD) following the manufacturer’s instructions.

Cells and tumour samples were analyzed for the expression of f2m, HLA-A,
HLA-B, Tapl, Tap2, Tapasin, LMP2, LMP7, calnexin, calreticulin, IRfd,NLRC5
mRNA by quantitative real-time PCR (Q-PCR) on Applied Biosystems Fast 7500
apparatus using TagMan PCR master mix and target-specific primers/probes from
Applied Biosystems (UK). Results are expressed relative to B-glucuronidase (GUSB) gene
expression to control for variations in amounts of mRNA. In some cases we included
results obtained at high amplification cycles with CT cutoff of 39 due to the small RNA

quantities obtained from after tissue microdissection.
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7.- PCR of genomic DNA and £2m sequencing

DNA from microdissected HLA-I negative tumours was used to amplify specific
“hot-spot” sequences of f2m using the following primers: fw (5’-gtccctctctctaacctgge -
3') and bw (5'-cagagcgggagggtaggaga-3’) to amplify exon 1, and fw (5'-
taccctggcaatattaatgtgtc-3") and bw (5'-catacacaactttcagcagcttac -3”) to amplify exon 2,
with annealing temperatures of 64°C and 53°C, respectively. DNA from OPCN3 cells
was isolated with the QIAamp DNA Mini Kit (Qiagen) and was used to amplify f2m
gene sequences with the following primers: fw (5'- aattgctatgtcccaggeac-3”) and bw (5'-
acacaactttcagcagcttac-3"), at an annealing temperature of 53 °C. PCR products were
amplified using Bigdye Terminator v1.1 cycle sequencing kit (Applied Biosystems),

followed by sequence analysis in an Abi Prism 377 DNA sequencer.

8.- Microsatellite analysis

To determine loss of heterozygosity (LOH) in chromosome 6 and 15 (LOH-6
and LOH-15), DNA obtained from microdissected tumour specimens, peripheral blood,
and cell lines was studied using eight short tandem repeats (STRs) mapping the HLA-I
region of chromosome 6 (D6S291, D6S273, C.1.2.C, C.1.2.5, D6S265, D6SI105,
D6S276 and D6S311) and five markers flanking the f2mon chromosome 15 (DS15209,
DS15126, DS15146, DS151028 and DS15152). The STRs, PCR, electrophoresis
methods and data interpretation were previously described (del Campo et al., 2014;
Maleno et al., 2006). LOH was assigned when a signal reduction of >25% in three

alleles was seen in tumour sample versus analogous control DNA sample.
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9.- Viral vectors

Adenovirus serotype 5 (AdS) carrying GFP and f2m gene under the control of
cytomegalovirus (CMV) (AdCMV-GFP and AACMV-f2m) were produced previously
in our laboratory as described earlier (del Campo et al., 2009) according to a published
protocol. Same method with minor modifications was used to construct a novel
replication-deficient Ad5 coding for human HLA-A0201 (AdCMV-HLA-A2) gene by
homologous recombination between y5 (as a donor virus to supply the viral backbone)
and pAdlox-A2 (a shuttle plasmid with a single loxP site carrying the HLA-A0201
gene) using the Cre-lox recombination system (Hardy et al, 1997). HLA-A0201 gene
was initially amplified from pclnx-A2 plasmid (obtained from ATCC) using specific
primers for human HLA-A0201 (forward primer: 5'-
AAGCTTGCCACCATGGCCGTCATGGCGCCCCGAA -3’; reverse primer: 5'-
AATTGGATCCCCTACAGGTGGGGTCTTTC - 3") with restriction sites HindIII and
BamHI in 5’and 3’end, respectively. KOZAK sequence was added to facilitate the
recognition of the initiation sequence. The 1500 base pairs fragment corresponding to
HLA-A0201 cDNA was cloned into pCR4-TOPO plasmid generating TOPO-A2
(TOPO TA cloning Kit; Invitrogen). The HindIll / BamHI HLA-A0201 fragment
excised from TOPO-A2 was ligated into HindIll / BamHI-digested pAdlox. New
pAdlox-A2, linearized with Sfil restriction enzyme, was co-transfected along with y5
DNA (y5 is an EI-E3 deleted version of AdS5-containing loxP sites flanking the
packaging site) into 116 cells using jetPrime™ (Polyplus Transfection). After
development of complete cytopathic effect (5 days), the cell lysate was passaged three
times in 116 cells to reduce the y5 virus presence. A single AACMVA2 clone was
expanded to produce a large-scale concentrated stock in HEK293 cells, which later was

purified on CsCl gradient, desalted using PD-10 columns (Amersham Biosciences) and

104



Material and methods

stored in Tris—HCI 0,1 M and 10% glycerol at -80 °C. Virus titres were determined by
plaque assay in HEK293 cells based on the visual detection of infected cells stained
with the mouse anti-adenovirus monoclonal antibody blend (Chemicon Int.) and the

titre was expressed as plaque-forming units (pfu).

Adeno-associated vectors of various serotypes, AAV1, AAV2, AAVS5, AAV6,
AAVS8 and AAV 9, carrying GFP gene under the control of CMV were kindly provided
by Drs. S. Zolotukhin, I. Zolotukhin, and G. Aslanidi and A. Dinculescu from the
University of Florida, USA. AAV-Triple, AAV- Quadruple and AAV-Sextuple, AAVs
which have mutations in tyrosin/phenilalanin groups of the viral proteins responsible for
improved attachment to the target cell surface (Ryals et al, 2011), were kindly provided
by Dr. Astra Dinculescu, from the University of Florida. Mutations in these vectors are:
Triple mutant (Y444F+Y730F+Y500F), Quadruple mutant
(Y444F+Y730F+Y500F+Y272F) Sextuple mutant
(Y444F+Y730F+Y500F+Y272F+Y704F+Y252F). Recombinant AAV2 carrying HLA-
A0201 gene (AAV2-HLA-A2) under the control of CMV promoter was constructed
using method described previously (Zolotukhin et al., 1999) by cotransfection of three
plasmids: phelper (containing adenoviral genes required for AAV replication), PACG2
(containing Rep and Cap genes, the AAV genes required for replication and capsid
production) and UF11-A2, which includes ITR regions and the HLA-A0201 gene, into
293T cells. UF11-A2 was previously constructed by excising HLA-A0201 gene from
TOPO-A2 using restriction enzymes, and cloned into UF11 plasmid, kindly provided by
Dr. Zolotukhin. 72 hours later, when cytopatic effect was observed, cells were collected
and lysed by freezing/thawing. Cell lysate was purified on lodixanol discontinued
gradient (Optiprep Density Gradient Medium, Sigma) and purified viral fraction was

recovered and rinsed with Lactated Ringer’s solution. Vector quantification was
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determined by Q-PCR of specific AAV sequences and was expressed by viral-genome

per mL.

A schematic representation of different steps involved in the construction of

AdCMV-HLA-A2 and AAV2-HLA-A2 vectors is depicted in figure 1.

10.-Cell infection in vitro

The purified virus was added either directly to the cell culture flasks in a 2%
FCS supplemented media or was first used to infect cells in a small volume (200 pl) for
2 hrs at 37°C before transferring to a bigger flask. Viral vectors were used at following
doses or multiplicity of infection (MOI): 200, 500 or 1000 MOI for AAVs, and 20, 50,
100, 200 MOI for AdS5. Comparable transduction effect was observed at 100 MOI for
AdCMV-GFP and 1000 MOI in case of AAVs. 100% of cells infected with AACMV-
GFP at 200 MOI were GFP-positive. However, cytopathic effect prevailed limiting the
possibility of increasing the virus dose. Therefore, two optimal viral doses with
maximum efficacy were selected for cell infection: 100 MOI for AdS5 and 1000 MOI for
AAV2. In some experiments tumour cells were simultaneously infected with two
adenoviral vectors, AACMV-HLA-A2 and AACMVHLA-B2m. The expression of the
transgenes was determined by flow cytometry using specific antibodies. To examine the
time course of transgene expression, cells were harvested on days 3, 6, 10, 15, 20, 25,
30 and 35 after infection, and HLA class I surface expression using W6/32 mAb was

evaluated by flow cytometry.
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Figure 1. Schematic representation of the construction of recombinant vectors AAVCM-HLA-A2 and
AAV2-HLA-A2. Initially, pClnx plasmid with HLA-A2 gene was obtained from ATCC. PCR
amplification was performed with introduction of additional restriction sites HindIIl and BamHI, and of
KOZAK sequence at 5'end. PCR product was cloned into TOPO plasmid. For the production of
adenovirus, HLA-A2 gene was isolated from TOPO, and ligated to padLox plasmid. Next it was co-
transfected with y5 DNA (donor virus to supply the viral backbone) into N116 cells (source of El
adenoviral genes) using the Cre-Lox recombination system. Recombinant adenovirus was re-amplified
several times in 293T cells, and purified on CsCl gradient. For AAV2 construction, HLA-A2 gene was
isolated using restriction enzymes and ligated to UF11 plasmid, which contains necessary ITRs. Later it
was co-transfected together with pACG2 (which carry Cap and Rep genes) and phelper (source of
adenoviral genes) into 293T cells. The resultant rAAV was purified on lodixanol gradient. CMV:
Cytomegalovirus promoter; An: poly-adenilation signal; ITR: Inverted Terminal Repeats.

107



Material and methods

11.-- In vivo vector genetransfer using human tumour xenogr aft model

Six to nine week old male nude mice were obtained from Charles River Labs
(Barcelona, Spain). Cells in concentration of 5 x 10° in a volume about 50—100 pl in
phosphate-buffered saline (PBS) were injected subcutaneously into a thigh area. After
2-3 weeks, when the tumours reached about 7-10 mm in diameter, recombinant
adenovirus and various AAV2 mutants were injected intratumurally at a dose of 3 x
10'° vg diluted in PBS in a volume of 10 pl. Seven days after virus administration each
tumour was excised and was embedded into optimal cutting compound and frozen in
liquid nitrogen for further immunohistochemical examination. Expression of GFP in
tumours after gene transfer was evaluated by immunohistochemistry using anti-GFP

antibody.

12.- Statistical analysis

We used the Chi-square and Fisher’s exact test with a significance threshold of
p< 0.05 to evaluate possible association of the tumour HLA expression with clinico-
pathological data. We used the Student’s t-test with a significance threshold of p< 0.05
to evaluate possible differences in mRNA expression levels between BH controls and:
group 1- total HLA-I loss (including heterogeneous samples); and group 2- other types
of HLA alterations (locus or allelic losses). SPSS v17.0 software was used for all

statistical analyses.
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Results

1.- Frequent HLA class | alterations in human prostate cancer: molecular

mechanisms and clinical relevance.

In order to analyze the frequency of HLA alterations in prostate primary tumours
and its association with clinical data, we studied HLA expression in 42 cryopreserved
prostate cancer samples and evaluated its correlation with cancer recurrence, perineural
invasion, stage and Gleason grade. Molecular mechanisms underlying HLA loses were
also examined. In addition, we studied HLA expression in 12 previously unreported

prostate cell lines and analysed the molecular mechanisms implied in HLA loss.

1.1.- Analysis of HLA loss in cryopreserved prostate tumors

Immunohistochemical analysis of HLA-I and -1l expression in PC

Around 88% of studied tumors had at least one type of HLA-I alteration. Using
anti-HLA-I/ f2m antibody w6/32 we found that 50% of the studied tumors showed
positive immunostaining, while another 50% had total loss of HLA-I/ f2m complex
expression with either complete (16.7%) or a heterogeneous (33.3%) pattern. f2m loss
was found in 50% of all the studied samples, and loss of the free HLA-I heavy chain
(HC-10 Ab) in 75% of the cases (Table 1a). HC-10 antibody detects free HLA heavy
chains not associated with f2m protein, therefore, the percentage of HC-10 positive
labeling can differ from that of the cell surface HLA-I/ 2m complex.
Immunohistochemical analysis of all studied tumors using anti-locus-specific
antibodies, revealed negative labeling of locus -A and -B in 34,1% and 28,6% of all the
specimens, respectively (Table 1a). In contrast, all BH samples were positive for class |

expression.
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Figure 1Representative immunohistochemistry images of HLA-I expression in cryopreserved PC and
BH: negative, positive and heterogeneous expression patterns of HLA-I/ B2m complex in PC (w6/32
mADb); loss of HLA-A (Tul55 mAb) and loss of HLA-B (421b5 mAb) in PC; and positive HLA-I
expression in benign prostate hyperplasia (w6/32).

Based on HLA-I genotyping results of each tumor, we selected locus- and allele-
specific mAbs to detect unnoticed partial alterations in HLA-I/ f2m positive tumors and
found locus loss in 26% and allelic losses in 12% of the cases, respectively.
Consequently, we classified the studied PC tumors into different phenotypes with the
following incidence: PhlI (total loss) in 50%, PhIII (locus loss) in 26%, and PhIV
(allelic loss) in 12% (Table 1b). There may have been additional undetected allelic
losses, due to the lack of Abs against all possible allelic specificities. Representative
images of different patterns of HLA-I immunolabeling in PC and BH are depicted in
Fig.1 HLA-DR expression was negative in the majority of BH samples and in around

75% of tumors as compared to the stroma. Approximately 22% of tumors showed a
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heterogeneous HLA-DR labeling pattern, and only one tumor was graded as DR-

positive.

Table 1a: Immunohistological analysis of HLA expression patterns in prostate tumors

PC % HLA-Ug2m | pam | free H(':‘hAE; i'nhea"y locusA | locus B | HLA-DR
negative 16,7% 21,4% 35% 34,1% 28,6% 75,7%
heterogeneous 33,3% 28,6% 40% 36,6% 30,9% 21,6%
positive 50% 50% 25% 29,3% 40,5% 2,7%
n of samples 42 42 40 42 42 37

Table 1b: Frequency of different HLA-I altered phenotypes (immunohistochemistry)
and LOH-6/LOH-15 (microsatellite analysis) in prostate tumors

phenotype |total loss (Phl) | locus loss (Phlll) | allelic loss (PhlV) | positive | total alterations
tumors (n=42) 21 (50%) 11 (26%) 5 (12%) 5 (12%) 37 (88%)
LOH-6 (n=25) 5/13 0/5 1/3 2/4 8/25
LOH-15 (n=25) 1/13 0/5 0/3 0/4 1/25

Table 1c Immunohistological analysis of HLA expression in tumors (T) versus
matching normal epithelium (N)

sample | HLA-I  p2m rclﬁ:ﬁ/ locus A locus B HLA-DR
12241 N| ++ -+ t+ -+ tH ++
12241 T - - - - - -
8723 N ++ ++ ++ ++ +/- -
8723 T - - + - - -
9238 N | ++ ++ ++ ++ +/- +/-
9238T | +/-  +-  +- +/- +/- -
8722 N | ++ +++ ++ ++ ++ +/-
8722T +/= +/- +/- - - -
2489 N | ++ ++ ++ ++ ++ ++
2489 T | +++ 4+t ++ +/- - +/-
10216 N| ++ ++ ++ ++ ++ +/-
10216 T| ++ ++ ++ ++ ++ +/-

+ weakly positive ; ++ positive ; +++ strongly positive; +/- heterogeneous; - negative
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From a separate set of six PC patients we were able to compare cryopreserved
tumor and matching normal tissues and observed a higher incidence of HLA alterations
in cancerous samples (Table 1c¢). Four tumors showed a loss of HLA-I expression (two
totally negative and two heterogeneous, w6/32 mAb) and one tumor showed loss of
locus B. Only one tumor had the same positive labeling pattern as the adjacent normal

epithelium (Table 1c).

Analysis of the association of HLA-I and -II expression with tumor recurrence,

perineural invasion, and high D"Amico cancer risk

Tumors negative for HLA-I/ f2m complex, f2m, locus A or locus B expression
showed a strong tendency to relapse and develop PNI, and were also linked to high

: . . D’Ami isk
Table 2: correlation between HLA expression and clinico- fmico s (as

pathological parameters compared to HLA-I

D’Amico
% Recurrence | PNI - -
Low | Medium | High positive lesions) (Fig.
- 100,0 60,0 0,0 50,0 50,0
Total Het 714 417 | 214 64,3 143
HLA . . . . . 2), although the number
+ 47,6 38,9 10,0 80,0 10,0
- 100,0 87,3 0,0 62,5 37,5
B2M Het 66,7 619 | 250 583 16,7 of cases was too low for
+ 54,5 49,0 10,0 80,0 10,0
i 917 63.6 0.0 538 162 statistical significance to
Locus A | Het 52,6 31,3 21,1 73,7 53
+ 50,0 28,6 14,3 85,7 0,0 be reached. In addition,
- 80,0 55,6 0,0 63,6 36,4
Locus B Het 69,2 33,3 30,8 53,8 15,4 tumor recurrence was
+ 47,1 429 6,3 87,5 6,3
HLA - 73,1 45,5 11,5 69,2 19,2 more frequent among
class 11 Het 37,5 28,6 12,5 75,0 12,5
DR +(n=1) 100,0 100,0 0,0 0,0 100,0 DR-negative fUmors

than in tumors with heterogeneous DR expression pattern (73% versus 37%,

respectively). All the results are summarized in Table 2.
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Interestingly, when we grouped together heterogeneous and positive samples
versus negative samples, we observed a statistical significance for the correlation of

locus A loss with high D" Amico risk (p=0,005).

- HLA-I/B2m expression pattern B2m expression pattern
100 100
90 a0
80 B0
» o » il
g 60 g 60
2 s0 +;'_ 2 5o
5 W s 0
R 30 ® 30
20 20 ;_
10 10
(] (4]
Recurrence D"AmicoHigh Risk Recurrence PNI D"Amico High Risk

100 _ Locus A expression pattern 100 Locus B expression pattern
a0 90
80 80
» P » 70
g w0 +/- 4 g w
2 50 2 50 —+/-
s W ‘f_ s W
& a0 bS]
»n il
10 ‘H‘— 10
(1] 1]
Recurrence D"AmicoHigh Risk Recurrence D’Amico High Risk
W Negative (-) O Heterogeneous (+/-) O Positive (+)

Figure 2. Correlation between the expression of HLA-I, f2m, HLA-A and HLA-B and clinico-
pathological characteristics: PC recurrence, PNI and D" Amico high cancer risk. Tumors with negative
and heterogeneous expression of HLA-I/ B2m, f2m, locus A, and locus B have a strong tendency to
relapse and develop PNI.

MRNA expression off2m, APM, IRF-1, and NLRCS5 in microdissected PCs and

BHs

cDNA from microdissected tissues was analyzed for mRNA expression of f2m,
Tapl, Tap2, tapasin, LMP2, LMP7, NLRC5 and IRF-1 genes. The results were
compared among three groups: Control — benign hyperplasia; group 1 - total HLA-I loss
(combined negative and heterogeneous samples); and group 2 - other types of HLA
alterations (locus or allelic losses). A positive correlation was found between tumor
HLA-I alterations and reduced transcriptional level of all studied genes in each group
versus BH control. Notably, in tumors with total HLA-I loss (groupl), we found a

statistically significant decrease in mRNA expression of £2m (p=0.046), tapasin
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(p=0.003), NLRC5 (p=0.001) and TAP2 (p=0.05) for but also reduced levels of LMP2,
LMP7 and IRF-1 (Fig.3), while transcriptional levels of NLRC5 (p=0.003) and tapasin

(p=0,003) were significantly lower in group 2.
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»
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1.04{]

MRNA level
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’As

[ T cC(Control) [ ] 1(Negative) [N 2 (Other alterations)

Figure 3. Correlation of the tumor HLA-I loss with the reduced mRNA expression of the APM
components, f2m, IRF-1 and NRLCS in two groups of PC compared to control BH (C). Tumor group 1-
total HLA loss (including heterogeneous samples); and group 2- other types of HLA alterations (locus or
allelic losses). Statistically significant decrease in the expression of f2m (p=0.046), tapasin (p=0.003),
NLRCS5 (p=0.001) and TAP2 (p=0.05) was found in tumors with total HLA-I loss (groupl). In addition,
mRNA expression levels of NLRC5 (p=0,003) and tapasin (p=0,003) were also significantly lower in
group 2 than in control. * Statistically significant difference compared to control.

Microsatellite analysis and 2m sequencing in prostate tumors

We performed microsatellite analysis of DNA isolated from 25 microdissected
tumor samples to detect LOH-6 and LOH-15. LOH-6 was observed in 32% (8/25) of the
tumors, and only one showed LOH-15. Among 8 tumors with LOH-6, five had total
HLA-I loss, one demonstrated allelic loss, while two tumors were positive for HLA-I

(Table 1b). We sequenced f2min 11 selected microdissected tumors with total HLA-I
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loss (including tumors with heterogeneous expression pattern) but did not find

aberrations in f2m (data not shown).

1.2.- Analysis of HLA expression in prostate cell lines

Analysis of HLA-I and -1l expression in cell lines from PC patients

Using flow cytometry we characterized altered HLA-I/Il expression in 12
previously unreported cell lines derived from primary tumors and normal epithelia of
PC patients. Various types of HLA-I alterations were found, ranging from locus or
allelic downregulation to a total loss of expression (Table 3), with both regulatory and
structural underlying molecular defects. HLA-I locus loss (PhIIl) was found in six cell
lines. MPHO203HT cells showed reversible downregulation of locus-B and -C (Fig.4a).
IFN-inducible locus-C loss was also detected in SVP0303-T, Q0057T, and PC3 cells
(ATCC), while locus-C downregulation in MPHO503PN-T, SVPO7030E, and OPCN1
cells was resistant to IFN-y, suggesting a structural defect. Three cell lines demonstrated
allelic losses (PhIV) (Fig.4b), most of them reversible with IFN-y except for HLA-B40
loss in OPCNI1. In OPCN3 cells, we found a total loss of HLA-I expression (Phl), not

inducible by IFN-y (Table 3 and Fig. 5a).

Constitutive HLA-DP, -DQ and -DR expression was negative in practically all

studied cell lines, although inducible with IFN-y in some cases (Table 3).

HLA expression in PC-3, DU-145, and LnCAP (ATCC), was previously
characterized by our group and others. These cell lines are widely used by many
research groups and have been studied from various standpoints. In comparison to
DU145 and PC3 cells, LnCAP has very low expression weakly inducible by IFN-y.

DU 145 cells lack HLA-A3 allele, due to a mutation (Jiménez et al., 2001).
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Table 3: Constitutive and IFN-y inducible cell surface HLA expression and genomic
typing of prostate cell lines

HLA-I HLA-II HLA genomic Typing

total HLA | B2m locusA | locus B | locus C DP DQ | DR | locus A locus B locus C

IFN-vy S T T T ) N R T 3
DU145 (ATCC) ++ M ++ M|+ M+ M+ M| - =|- =|- 1]0301/3303|5001/5701 | 0602/0602
PC3 (ATCC) + Mo+ A+ ]+ - |- =|- =|- =]2402/0101 | 1302/5501 | 0102/0602
CAP(ATCO) | + =] + =| + =| + =|+ =]|- =|+ =|- =]0101/0201 | 0801/3701 | 0602/0701
?g“omm + |+ | 4+ | - | - |- - =|- 1]0201/0206]2703/4402 | 0303/0501
(SIE’)PW“OE ++ |+t |+ ]+ 2| - =|- =[- 2|- 2]o101/6801|0702/0802 | 0701/0702
Q00T (T) +H M |+ |+ | - |- =] =]- 1]0201/0201 | 4001/5701 | 0304/0602
?ﬁ?“"””N‘N ++ M+ |+ )+ 2|+ |- =|- =|- 1]0101/0101|0801/4002 | 0202/0701
%TH““PN'T + 2|+ 2 + 2 + 2| - =]- =|- =|- +]ot01/0101 |0801/4002 | 0202/0701
SVPO33N(N) | ++ =|+++ | ++ 4| ++ 4|+ 2 |- =|- =|- 2|o101/2001|0801/4403 | 0701/1601
SVPO303-T(T) | ++ 1| ++ | ++ 4| ++ 4| - 2 |- 2|- =|- 2|o1012901 | 0801/4403 | 0701/1601
OPCNI (N) + M+ Ao+ |+ - =] - =|- =|- =]0101/2301 |3701/4001 | 0304/0602
OPCTI (T) +H M |+ |+ |+ |- |- =]- 201012301 |3701/4001 | 0304/0602
OPCN2 (N) ++ M| ++ M| ++ 2| + 2[ND ND| - =|- =|- =]|0207/1101|4002/4601 | 0102/0702
OPCT2 (T) + M4+ A+ 2|+ e 2] - =|- =|- 2]0207/1101 |4002/4601 | 0102/0702
OPCN3 (N) - = - =| - =| - =|- =|- =|- =|- t|ot012501 57015701 | 0602/0602

HLA expression was measured by flow cytometry in baseline conditions and after
incubation with IFN-y using several antibodies directed against different HLA
specificities

- no expression; + weak expression; ++ strong expression; +++ very strong expression;
1 - IFN-y-induced HLA upregulation; = resistance to IFN-y, no HLA upregulation; ND
- not done
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1) HLA-I locus loss (Phlll), inducible by IFN-g (“soft” lesions) and not inducible (“hard”)

Soft” lesions “ " acd
| Hard” lesion
[ |
SVP0303T
.‘s’a * MPHO203HT MPHOS03PN-T
E. ¥ *MPH0203HT *SVP07030E
*Q0057T
i *PC3 *OPCN1

§

HLA-C HLA-C

FITC- FITC-A FITC-A

2) HLA-I allelic loss (Ph V), “hard” and “soft” lesions _
“Hard” lesion Soft lesmns |
:J\ OPCN1
i
¥
i HLA-B37
{ (Bwa)
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“Soft” ‘Iesions
r - \
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i 1 HLA-B57
i 1 (Bwa)

Figure 4. Different patterns of HLA-I loss resistant to IFN-y (“hard” lesions) or inducible by IFN-
y (“soft” lesions) in PC cell lines determined by FACS. (a) Irreversible locus C loss and IFN-
y—inducible downregulation of locus C and B (PhIII); (b) irreversible loss of HLA-B40 allele and IFN-y-
inducible downregulation of Al, B37, B57 and B8 (Ph IV). Grey fill — only secondary Ab control, solid
line - baseline conditions, dashed line - I[FN-y treatment. mAb used: w6/32 (HLA-I/ f2m complex),
421B5 (Locus B), Hb122 (HLA-A3), Marb3 (bw4 specificities) and HB152 (bwo6 specificities).

* Representative FACS histogram for several cell lines.

Total loss of HLA-I expression in OPCN3 cells caused by2fh gene alterations

Total loss of HLA-I found in OPCN3 cells was not inducible by IFN-y, but was
recovered after adenovirus-mediated f2m gene transfer (Fig.5a). Amplification of the
DNA isolated from these cells produced a short fragment, approximately 500pb smaller
than in the control (Fig.5b). Sequencing of the fragment showed a 480pb microdeletion
between nucleotides +3591 and +4071, including first half of exon 2 (Fig.5b and Fig.

6a), promoting a splicing error in mRNA maturation in which exon 2 is lost, as shown
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by p2m cDNA sequence (Fig 5b). This deletion generates a premature stop codon
producing a truncated 26 aminoacids-long B2m protein. In addition, microsatellite
analysis showed LOH-15 for three specific markers on the long arm (q) of chromosome
15, pointing to a macrodeletion in this region (Fig. 5c). Therefore, the total loss of
HLA-I expression in this PC cell line is caused by two structural defects in f2m gene, a

microdeletion in one gene copy and a macrodeletion (LOH-15) in another one.

a) | Total loss of HLA-I expression |

|\Jv’ 3 control
Basal

— —- IFNy

AdCMVB2m

o) [Pomateon |

Control OPCN3
DNA DNA

c) ’ LOH in chromosome 15 |

O " T
D15S146(15¢.15.1) ._>
D15S1028(15q.21.1) A A/é /‘ C
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D155126(159.21.1) @ N / AT
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A e
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D15S209(15¢.21.3)
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ATG D155153(15¢.22.31) ._I—) oy T
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Figure 5. Total loss of HLA-I expression in OPCN3 cells caused by a deletion in 2m gene and LOH-15.
a) FACS histogram demonstrating loss of HLA-I cell surface expression (w6/32 mAb) not inducible by
IFN-y. Adenovirus vector coding for human f2m gene recovers HLA-I expression. Grey fill — control;
solid line — baseline expression; dotted line - IFN-y treatment; dashed line - after AACMV[p2m
transfection. b) PCR amplification of f2m gene fragment (including intron 1 and exon 2) using DNA
from OPCN3 cells. f2m amplicon from OPCN3 cells is smaller than in control; sequencing of the
amplicon showed a 480pb microdeletion that includes the first half of exon 2 (schematic representation).
¢) Loss of heterozygocity at chromosome 15 was determined by microsatellite analysis using five specific
markers flanking f2mregion. (NI- not informative reading).

The detected deletion in the f2m gene in OPCN3 cells generates a 26 amino-
acid long truncated protein, while normal f2m protein has 119 aminoacids. The stop
codon is located three amino acids after the junction of the exon 1 to exon 3, while the

exon 2 is lost.
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Wild type f2m amino acid sequence:

MSRSVALAVLALLSLSGLEAIQRTPKIQVYSRHPAENGKSNFLNCY VSGFHPSDI
EVDLLKNGERIEKVEHSDLSFSKDWSFYLLYYTEFTPTEKDEYACRVNHVTLSQ

PKIVKWDRDM

2m amino acid sequence in OPCN3 cells:

MSRSVALAVLALLSLSGLEAIQHRDM

a) Second half of b)
Intron 1 exon 2 Exon 1 Exon 3
T T N e Fo Ilae IR DRERED L R RLRRRRITTRLRL T
AAAGGCT CTTAAAAAT GCAICTGAATT CACCCCCACT GAAAAAGAT GAGTAT GAGGCTAT CCAG GAT CGAG ACAT GTAAGCAGCAT CA
e AR i oY ¥ R
OPCN3 OPCN3
B2m B2m cDNA
sequence sequence
Intron1 Intron 1 Exon 1 Exon 2
IR R FT RN A PR N e AR TR NN P IR N R HE IR ETY T BLDLRI
AAAGGCTCTTAAAAATGCAGC GCACTCT CCAGT GACAGAAGATACTGCTA G AGGCTATCCAGCIGTAC TCCAAAG ATTCAGGTTTAC
Normal i T T Normal i i w
B2m I B2m cDNA
sequence

O T

Figure 6: Sequence histograms illustrating a microdeletion in 52m gene in OPCN3 cells. @) loss of DNA
fragment between the end of intron 1 and the second half of exon 2 in OPCN3 cells as compared to
control. b) cDNA sequence of f2m in OPCN3 demonstrates that exon 3 is positioned right after exon 1,
while exon 2 is missing. Sequence of the wild type 2m gene was used as a control.

HLA-I cell surface expression on cell lines correlates with transcriptional levels of

HLA-I and APM genes

We analyzed the mRNA expression of the following genes: HLA-I heavy chain,
£2m, TAP1, TAP2, tapasin, LMP2, LMP7, calreticulin, calnexin, IRF-1 and NLRC5.
Protein and mRNA expression patterns of HLA-I loci coincided in the majority of the
studied cell lines with frequently observed increased expression of calreticulin.
Interestingly, LnCAP cells showed a coordinated downregulation of all studied APM

and HLA-I genes, as well as of the transcriptional factors NLRC5 and IRF-1 (Table 4).
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Table 4: mRNA transcription of APM, f2m, HLA, NLRCS5 and IRF-1 genes in prostate
cell lines in baseline conditions and after IFN-gamma treatment

CL IFN | Tapasin | Tap2 | Tapl | Calreticulin | Calnexin | LMP7 | LMP2 | HLA-A | HLA-B | HLA-C | IRF1 | NLRCS5 | B2M
- 18,59 | 2,32 | 2,27 47,76 6,07 1,43 | 2,01 0,66 0,66 0,00 | 2,07 | 0,18 16,39
DU145
+ 28,03 | 1,89 | 12,55 21,84 4,74 590 | 12,21 | 3,11 5,79 0,00 | 7,79 | 0,78 | 58,27
- 6,88 1,55 | 0,87 128,56 5,14 0,55 | 0,32 0,02 0,08 0,00 | 0,77 | 0,01 10,00
PC3
+ 13,46 | 4,73 | 13,20 76,92 4,37 3,56 | 10,92 | 0,02 0,18 0,00 |1432| 0,65 | 63,87
- 1,27 | 0,23 | 0,41 45,64 4,52 0,01 | 0,01 0,06 0,22 2,60 | 0,10 | 0,01 3,15
LNCAP
+ 1,86 | 0,28 | 0,51 65,04 4,83 0,02 | 0,10 0,12 0,46 3,84 | 0,28 | 0,04 2,89
- 7,30 | 2,46 | 1,65 44,16 5,43 1,31 | 2,43 0,08 3,90 7,23 | 2,00 | 0,05 15,07
3PNN
+ 13,16 | 3,77 | 13,50 40,48 4,73 4,03 | 11,51 | 0,28 16,43 | 17,88 | 15,68 | 0,72 | 38,75
- 7,71 | 3,96 | 2,95 64,88 6,74 1,70 | 3,06 0,14 4,14 9,18 | 449 | 0,08 13,32
3PNT
+ 14,25 | 6,69 | 20,38 64,92 10,77 6,42 | 2245 | 0,71 29,93 | 36,78 | 11,71 094 | 71,46
- 8,78 | 2,41 | 4,04 28,65 11,58 1,38 | 5,05 0,98 11,31 1291 | 2,68 | 0,25 | 30,55
SVPN
+ 13,89 | 3,34 | 16,86 24,57 8,81 327 | 1477 | 2,19 21,87 | 26,12 | 14,17 0,69 | 61,91
- 7,52 | 1,27 | 0,90 29,83 10,95 1,13 | 2,87 0,20 1,56 517 | 2,84 | 0,03 8,25
SVPT
+ 12,41 | 2,55 | 9,05 26,35 10,77 342 | 13,63 | 1,04 15,01 19,14 | 11,42| 0,61 35,85
- 8,77 | 1,01 | 0,74 28,63 17,90 0,36 | 1,33 0,10 0,00 0,00 | 5,76 | 0,05 17,06
OPCN1
+ 24,02 | 7,36 | 28,82 23,91 13,08 4,21 | 22,81 | 0,45 0,41 0,00 |63,78| 1,57 | 76,44
- 16,56 | 2,32 | 1,08 70,62 6,31 1,13 | 1,94 0,02 0,56 0,00 | 3,08 | 0,04 10,25
OPCT1
+ 23,79 | 5,34 | 18,00 14,39 3,41 5,75 | 23,48 | 0,18 10,09 0,00 (27,67 1,30 | 79,10
- 727 | 1,43 | 1,47 28,68 6,73 0,78 | 2,08 0,15 0,95 5,63 | 3,00 | 0,02 7,07
OPCT2
+ 14,88 | 4,86 | 13,14 11,82 6,98 4,05 | 1441 | 0,81 7,21 29,05 |21,27| 1,37 | 41,84
- 9,09 | 1,29 | 1,60 35,05 9,89 1,89 | 4,19 0,12 0,28 0,00 1,49 | 0,08 9,78
OPCN3
+ 4,83 1,78 | 3,90 7,92 331 2,70 | 5,53 0,92 3,47 0,00 1,11 0,18 0,00
- 8,71 1,04 | 1,15 53,84 4,01 0,92 | 2,22 0,50 1,33 0,00 | 3,56 | 0,05 17,84
3HT
+ 18,08 | 4,36 | 12,79 30,87 2,99 4,40 | 15,12 | 244 13,26 0,00 (2536 1,77 | 64,62
- 6,90 | 2,16 | 1,45 38,14 8,58 0,60 | 2,03 1,25 0,63 0,00 | 3,70 | 0,04 6,86
57T
+ 12,09 | 3,48 | 9,77 30,17 6,52 3,05 | 8,99 1,93 10,69 0,00 |19,32| 0,63 | 40,53
- 1590 | 1,79 | 3,22 72,50 5,07 2,84 | 10,59 | 1,11 8,01 2743 | 5,68 | 040 | 28,15
30E
+ 17,29 | 2,68 | 11,88 17,30 3,29 3,15 | 16,45 1,45 23,11 | 5590 |11,83| 0,78 | 51,40
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2.- Reconstitution of HLA-A2 and beta2-microglobulin expression in human

tumor cells using adeno- and adeno-associated recombinant viruses

With the aim of develope a useful tool for HLA restoration, we compared the
transfection efficacy of adenovirus and several adeno-associated virus serotypes after
infection in vitro of tumor cells with different origin. Then we constructed adenoviral
and adeno-associated viral vectors carrying HLA-A2 gene with the objective to recover
or upregulate tumor HLA expression. We evaluated HLA-A2 expression in different
cancer cell lines after infection with A2-coding vectors alone oo together with

adenovirus carrying [32m gene.

2.1.- Comparison of AAV serotypes and adenovirus vectors

Comparative analysis of the transduction efficacy of adenoviral and adeno-

associated viral vectors driving GFP expression in human tumor cells

In order to optimize viral vector application and choose a vector with the best
transduction efficacy we compared adenovirus and six AAV serotype variants (AAV1,
AAV2, AAVS, AAV6, AAVE and AAVY) driving GFP expression by infecting one
melanoma, two prostate, and two bladder cancer cell using different virus doses. GFP
expression after infection of PC3 cells was dose-dependent as shown on Fig.7a with
highest transgene expression at 1000 MOI. We discovered that AAV serotype 2
(AAV2) has the highest transduction efficiency of GFP gene among the studies AAV
serotypes 1, 2, 5, 6, 8 and 9. However, Ad5 demonstrated similar results at a ten times
lower MOI (100) indicating superior transduction efficacy. Infection with AAV1 and
AAV9 serotypes induced GFP expression in around 10% of PC3 cells. Similar dose-
dependent pattern was obtained in all studied cell lines, however, the percentage of

positive cells varied. We found that the highest transduction rate in most of the cell lines
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was achieved using adeno-GFP. Among adeno-associated-viral vectors AAV2-GFP
showed the best results with varying efficacy depending on the cell line. AAV serotypes
1, 5, 6, 8, and 9 showed none or very little ability to induce GFP expression in the

studied cells (Fig. 7).
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Figure 7: Comparative analysis of transduction efficiency of recombinant adenovirus Ad5 and AAV
viruses of serotypes 1, 2, 5, 6, 8 and 9. a) Dose-dependent GFP transgene expression (MOI 400, 1000 or
2000) in different tumor cells driven by different viral vectors showing superior efficacy of AdV5 and
AAV2. Similar pattern was obtained in all cell lines. b) Percentage of GFP-positive tumor cells after
infection with different viral vectors at highest dose. Transduction efficacy of the studied viral vectors
varies among infected tumor cell lines: prostate (Dul45 and PC3), bladder (T24 and RT112) and
melanoma (E130), with the highest efficacy of adenovirus and AAV2.

We also checked the level of GFP expression in two melanoma and one prostate
cell lines during 30 days after infection with an AAV2-GFP. As shown in figure 8, in all
three cell lines the maximum percentage of GFP-positive cells was observed on day 9,

followed by a graduate decrease until day 30.
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GFP expression after infection with AAV2GFP
70
60
50
40 1
30
20 1
10 1

—&— ANDO
E130
—#&—PC3

% of positive cells

2d 5d 9d 15d 20d 26d 30d

Time

Figure 8: Kinetics of GFP expression in two melanoma (E130 and Ando-2) and one prostate cell line
(PC3) after infection with AAV2-GFP measured at days 2, 5, 9, 15, 20, 26 and 30.

Efficacy of mutant AAV2 in cancer cell lines

We also compared the ability of three variants of AAV2-GFP with
tyrosine/phenylalanine mutations, introduced to improve virus attachment to the target
cell surface, to induce GFP transgene expression in E130 melanoma cell line at the
highest dose previously tested for all AAV vector serotypes (1000 MOI) (Fig. 9). Figure
9 shows that Quadruple mutant has the highest efficacy of transfection, followed by
Sextuple mutant with the highest transfection rate on day two. Using different doses of
Quadruple and Sextuple mutants (1.000, 5.000 and 10.000 MOI) we observed a dose
dependent variations in the transfection efficacy more apparent for the Sextuple mutant,
increasing from 35% to 65% at day 2, and from 17% to 54% at day 5 (Fig.9b). At the

same time, Triple mutant did not induce transgene expression in melanoma cells E-130.

The AAV2 Quadruple mutant was used to inject human melanoma xenografts in
vivo (E-007 melanoma cells grown in nude mice) and compared with Adenovirus.
Immunohistochemistry of the injected tumors tissue showed that adenoviral GFP
transduction has higher efficiancy than AAV2 Quadruple mutant. Nevertheless, liver

immunohistochemistry in adenovirus-treated mice showed stronger immunolabeling as
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compared to AAV-injected amnimals. Representative images of GFP expression in

tumor and liver after intratumoral injection of viral vectors are shown in figure 9c.
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Figure 9: Comparative analysis of the transduction efficacy of a native AAV2-GFP vector and three
different AAV2-GFP variants with tyrosine/phenylalanine point mutations: Triple, Quadruple and
Sextuple. a) Percentage of GFP-positive E130 melanoma cells 2 and 5 days after in vitro infection with
the studied AAV vectors at MOI 1.000. Highest transgene expression was observed in case of Quadruple
AAV2, while Triple mutant failed to induce GFP expression. b) Percentage of transduced E130 cells after
infection with Quadruple and Sextuple mutants increases with higher dose of the virus (MOI 1.000, 5.000
and 10.000). c) Representative immunohistochemical images of GFP immunolabeling (using rabbit anti-
GFP mAD) in E-007 human melanoma xenograft tumors and corresponding mouse liver tissues after
intratumoral injection of GFP-coding adenovirus, Triple and Quadruple AAV?2 mutant viruses.
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2.2.- Expression of HLA-A2 in cancer cell lines after infection with

AdCMV-HLA-A2 and AAV2-HLA-A2

Both vectors, AAV2-HLA-A2 and AACMV-HLA-A2, recover HLA-A2 expression

in A2-deficient cells

Based on the results described above, we have selected the most effective viral
vectors for HLA-A2 transfer into tumor cells: replication-deficient AdV5 and AAV?2.
We constructed both vectors carrying HLA-A2 gene and compared their efficacy to
induce A2 transgene expression in different tumor cell lines. Using these viral vectors
we successfully recovered HLA-A2 expression in melanoma cell line Ando-2 which has
been characterized by a lack of endogenous HLA-A2 due to a haplotype loss caused by
LOH at chromosome 6 (Table 1) (Paco et al., 2007). Figure 10 depicts recovery of A2
expression after infection with AACMV-HLA-A2 and AAV2-HLA-A2 as demonstrated

by FACS (Fig.5a) and by immunocytochemistry (Fig.5b).

a) Ando-2 b)  Untransduced AJCMV-HLA-A2 AAV2-HLA-A2

FITC-4

Figure 10: Recuperation of HLA-A2 expression in melanoma cells Ando-2 (cells lack A2 allele due to
the loss of HLA haplotype caused by LOH-6) as determined a) by FACS or b) by immunocytochemistry,
using anti-HLA-A2 mAb CR11.
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De novo expression of HLA-A2 expression in tumor cells negative for endogenous

genomic HLA-A2

Infection with AACMV-HLA-A2 or AAV2-HLA-A2 induced expression of A2
allele in various types of human tumor cells (melanoma, bladder, and prostate cancer
cells) naturally lacking HLA-AZ2 allele based on HLA class I genotyping results (Table
1). A2 expression was measured by flow cytometry 48 hours after infection, confirming
a successful introduction of a novel HLA allele in addition to the existing ones (Fig.
11a). Comparable results were also obtained when we analyzed the percentage of the
transduced cells in all cell lines, except for DU145 cells where AAV2-HLA-A2
demonstrated much lower efficacy than adenovirus (Fig. 11b). The level of transgene

expression was comparable only when MOI of AAV2 was ten time higher that of AdS.

Kinetics of de novo HLA-A2 expression induced by AACMV-HLA-A2 or AAV2-

HLA-A2

Seven cell lines negative for endogenous HLA-A2 were infected with AACMV-
HLA-A2 and AAV2-HLA-A2 and transgene A2 expression was analysed by FACS on
days 3, 6, 10, 15, 20, 25, 30 and 35 after infection (Fig. 12) demonstrating overall
similar expression level and kinetics for both types of vectors. Most cell lines had
maximum HLA-A2 expression on day 6, decreasing gradually until day 15-25. Only
WIL retained more than 50% of HLA-A2-positive cells until day 30 (Fig. 12). In
DU145, RT 112 and T24 cells with similar time-curves for both vectors types, the
adenovirus induced transgene expression in a higher percentage of infected cells during
the first days. On the contrary, Ando-2 and PC3 cells showed higher percentage of

HLA-A2 expressing cells when infected with the AAV2.
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Figure 11: HLA-A2 expression in A2-negative cancer cells negative for genomic HLA-A2 allele after
infection with AACMV-HLA-A2 or AAV2-HLA-A2 at the highest optimal dose for each vector (100 and
1000 MOI, respectively). a) de novo HLA-A2 expression in cells was measured by flow cytometry and
depicted as FACS plots or (b) as a percentage of A2- transgene-positive cells. Grey fill: Control — not
infected cells; black lines - cells infected with AACMV-HLA-A2; red lines - cells infected with AAV2-
HLA-A2.
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Figure 12: Kinetics of HLA-A2 expression in bladder (RT112, T24 and WIL), prostate (PC3 and
DU145) and melanoma (E130 and Ando-2) cell lines after infection with AACMV-HLA-A2 or AAV2-
HLA-A2, measured by FACS at days 3, 6, 10, 15, 10, 25, 30 and 35 post-infection. Comparable kinetics
was observed for most of the studies cell lines, except for Dul45 cells, with the maximum expression on
day 6 followed by a gradual decrease until day 15-20. WIL cell line maintained high level of the
transgene up to day 30.
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Recuperation of cell surface HLA class | expression ofi2m-deficient tumor cells
negative for genomic HLA-A2 after co-infection with AdCMV-HLA-A2 and

AdCMV- p2m

To confirm the capacity of de novo expressed HLA-A2 heavy chain to form a
complex with f2m on the cell surface, we co-infected with both AACMV-HLA-A2 and
AdCMV- B2m four tumor cell lines (E038, E109, OPCN3 and DAUDI) all f2m-
deficient and with HLA genotype naturally lacking HLA-A2 allele. As shown in figure
13, all cell lines are negative for total HLA-I, B2m, and HLA-A2 in baseline conditions
(Fig. 13a). Cells infected with AACMV-B2m, as expected, recover HLA-I expression
(Fig. 13b). Infection with AACMV-HLA-A2 renders these cells HLA-I negative (Fig.
13c) since the pre-existing lack of B2m prevents formation of cell surface HLA-I
complex with newly expressed HLA-A2 protein. Interestingly, DAUDI cells, despite
the lack of f2m, became positive for HLA-I, A2 and even for f2m expression after
transfer of A2 gene. This line has been previously reported to have an unusual
molecular mechanism of HLA class I complex formation, including free heavy chain
folding, transport and assembly on the cell surface in the absence of f2m (Martayan et
al., 2009). Only co-transfection with both vectors, cell surface HLA-HLA-I/f2m
complex was recovered and A2 expression was detected by flow cytometry using
specific antibodies CR11 (Fig. 13d) suggesting that simultaneous use of both adenoviral
vectors lead to an association of newly expressed HLA-A2 and f2m molecules to form

a cell surface HLA-I complex.
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Figure 13: Recovery of tumor cell surface HLA-I expression by co-infection of f2m-deficient tumor
cells negative for genomic A2 allele with two adenoviral vectors AACMV-HLA-A2 and AACMV-B2M.
a) FACS plots demonstrating absence of A2 allele (CR-11 mAb), of f2m (L-368 mAb), and of cell
surface HLA-I/B2M complex (w6/32 mAb) in baseline conditions. b) AACMV-B2M-mediated recovery
of B2M and HLA-I/B2m complex expression. c) Infection with AACMV-HLA-A2 did not render cells
positive for HLA-I/ 2m, except for DAUDI. d) Co-infection with both vectors induced HLA-A2 and
recovered HLA-I/ B2m complex expression. Grey fill - control with only secondary antibody; red line -
HLA-A2; grey line - HLA-I/B2m complex; and dotted line - f2m.
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Virus-mediated upregulation of HLA-A2 expression on tumor cells positive for

genomic A2 allele

We also analysed how HLA-A2 upregulation after viral transduction depends on
the pre-existing baseline level of endogenous A2 expression in HLA-A2-positive cells.
We used melanoma cell lines positive for A2 according to HLA class I genotyping
(Méndez et al., 2008). Based on the level of HLA-A2 expression measured by FACS
(fig. 14a), we selected three cell lines with high and three cell lines with low baseline
A2 expression to infect with AACMV-HLA-A2 or AAV2-HLA-A2. As shown in figure
14b, in low-HLA-A2 expressing cells (E050, E102 and E120) virus-mediated
upregulation of A2 is much more evident than in cells with higher A2 level, with
AAV2-HLA-A2 demonstrating superior transduction efficacy than adenovirus in two
out of three cell lines. On the contrary, viral vectors showed different efficacy to
upregulate A2 in cells with the high endogenous baseline HLA-A2: almost none or very
little efficacy in E-025 and E-013 cells (Fig. 14b), and significant effectiveness of
transgene expression in E-019 cells, especially when adenoviral vector was used (Fig
14b). MFI fold-change increment of HLA-A2 expression after infection of the cells is

shown in Fig 14b.
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Figure 14: a) HLA-A2 baseline expression of 26 melanoma cell lines sorted by fluorescence intensity,
measured by FACS using CRI11 anti-HLA-A2 mAb. b) Virus-mediated upregulation of HLA-A2
expression on tumor cells positive for genomic A2 allele. In cell lines (E050, E102 and E120) with low
HLA-A2 expression in baseline conditions (control) virus-mediated upregulation of A2 is greater than in
high HLA-A2 expressing cells, as measured by FACS. In cells with high endogenous baseline HLA-A2,
the transduction efficacy varied, i.e. almost no transduction of E-013 cells, very little efficacy in E-025
cells, and high level of transgene expression in E-019 cells, especially when adenoviral vector was used.
The table summarizes the vector-induced fold-change in HLA-A2 expression on cells with low and high
baseline HLA-A2 expression.
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Discussion

It has become increasingly accepted that the immune system plays a key role in
controlling malignant growth and dissemination, and, in many cases, it is able to
eradicate cancer. One of the most important players of anti-tumor immunity are
cytotoxic T-lymphocytes that are able to recognize and eliminate malignant cells
through the interaction between T-cell receptor (TCR) and tumor-specific antigen
peptide associated with HLA class I molecular complex. Thus, HLA class I antigens
represent an important molecules in the adaptive immune response against cancer and
tumor rejection. There is accumulating evidence that normal HLA class I expression on
tumor cells also plays an important role in the response to cancer immunotherapy.
Despite the progress in cancer immunotherapy and vaccination that have lead to a
certain clinical improvement in some patients, no significant increase in cancer patient
survival has been achieved yet. Understanding the possible causes of such poor clinical
outcome has become very important for improvement of the existing cancer treatment
modalities. In particular, the critical role of HLA-I molecules in the success of T cell
based immunotherapy has led to a growing interest in investigating the expression and
function of these molecules in metastatic cancer progression and, especially, in response

to immunotherapy.

HLA class I abnormalities in tumor cells, with a frequency up to 90% in some
types of tumor, have been well documented in different types of cancer and are caused
by distinct molecular mechanisms (Aptsiauri et al., 2007; Aptsiauri et al., 2014;
Campoli et al., 2002; Garrido et al., 1997; Paschen et al., 2006; Seliger et al., 2002).
Hence, tumor cells with aberrant cell surface HLA-I phenotype are able to escape T-cell
mediated immune attack. Accumulating experimental and clinical evidence suggests
that the nature of HLA-I alterations predetermines cancer progression and clinical

response to different types of immunotherapy, as well as selection of a method for
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HLA-I upregulation (Garrido et al., 2010). Some HLA-I alterations can be reversed by
cytokines leading to regression of tumor lesion. In contrast, tumor cells with permanent
HLA losses due to genetic defects (‘hard” lesions) may fail to increase HLA-I
expression in response to therapy and eventually progress. Therefore, immunotherapy,
in addition to curative anti-cancer effects, may promote immune-selection of tumor
variants with irreversible structural aberrations in HLA class I molecules, creating
mixed responses and resistance to therapy. To circumvent this problem, development of
a strategy to recuperate HLA-I expression on malignant cells is essential, which requires
better understanding of tissue- and organ-specific molecular mechanisms of tumor HLA
class I alterations. Data coming from different studies indicate that most of the known
human cancers, including breast (Cabrera et al., 1996), colorectal (Cabrera et al., 1998),
cervical (Koopman et al., 2000), laryngeal (Cabrera et al., 2000), melanoma (Kageshita
et al., 2005) and bladder cancer (Cabrera et al., 2003), are characterized by very high
incidence of HLA class I alterations, which, in the majority of cases, is associated with
poor prognosis and aggressive cancer development (Kaneko et al., 2011; Meissner et
al., 2005; Speetjens et al., 2008). On the contrary, renal cancer has an inverse
correlation between HLA class I expression and cancer progression, with high
expression in tumor tissue and low in normal adjacent stroma (Sdenz-Lopez et al.,
2010). However, current knowledge about the frequency and prognostic value of HLA
class I alterations in prostate cancer is controversial and the molecular mechanisms

responsible are undefined

In the present study using tumor immunohistochemistry we observed a high
percentage (88%) of HLA-I alterations in cryopreserved PC tumors as compared to
HLA-I-positive BH or normal matching prostate epithelium. Half of the studied tumors

showed total loss of HLA-I expression (phenotype I) associated with a tendency to
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increased tumor recurrence, high D’ Amico cancer risk, and PNI. HLA-I downregulation
linked to a higher tumor grade was previously reported in different types of cancer

(Chang and Ferrone, 2007; Garrido and Algarra, 2001).

The overall frequency of HLA-I aberrations in this study is similar to that found
in other types of malignancy (Aptsiauri et al., 2014) and is higher than in earlier reports
in PC. The published frequency of HLA-I loss in prostate tumors varies depending on
the type of tissue processing and antibodies used. Thus, HLA-I heavy chain expression
in paraffin-embedded tumors was positive in some studies (Seliger et al., 2010),
whereas others reported loss of expression in 50% (Zhang et al., 2003), 74% (Kitamura
et al., 2007), and 90% (Lu et al., 2000) of cases. Analysis of HLA-I expression in
cryopreserved prostate tumors allows more detailed analysis; thus, when individual
allelic expression was assessed, loss of one or more alleles occurred in 78% and
cumulative HLA-I loses in 85% of the cases (Blades et al., 1995). In contrast, Nanda
and colleagues reported that all 27 cryopreserved human prostate tumors studied were

HLA-I-positive, although they used a different primary antibody (Nanda et al., 2006).

Reduced HLA-I heavy chain expression in PC has been previously reported to
correlate with tumor relapse, while loss of calnexin and tapasin has been linked to early
recurrence and aggressive tumor phenotype (Seliger et al., 2010). In our study, we also
observed a significant association between total HLA-I loss and reduced mRNA
expression of APM molecules, including tapasin, TAP2, LMP2, LMP7, f2M, IRF1 and
NLRCS, while tumors with partial alterations showed a less evident tendency towards
this correlation. Reduced expression of NLRCS, a transcription factor known to regulate
HLA expression (Neerincx et al., 2012), suggests a possible defect in the coordinated

regulation of HLA expression.
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Loss of a single functional HLA haplotype, locus, or allele required to present a
particular antigen to CTLs may be responsible for the failure of cancer immune
surveillance and may be underestimated in tumors with positive immunolabeling for
HLA-I/B2m, since the remaining alleles associated with surface f2m remain positively

labelled with w6/32 mAbD.

Even though 50% of the tumors positively expressed cell surface HLA-I/f2m
complex, many of them demonstrated locus or allelic HLA-I losses. In addition, we
detected LOH-6 in about 32% of the studied tumors, suggesting an accumulation of
chromosomal loss in HLA-l genes linked to haplotype loss. A similar frequency of
LOH-6 was previously reported in other types of malignancy (Maleno et al., 2011). The
overall frequency of HLA-I aberrations in this study is similar to that found in other
types of malignancy (Aptsiauri et al., 2014) and is higher than in earlier reports in PC.
The published frequency of HLA-I loss in prostate tumors varies depending on the type
of tissue processing and antibodies used. Thus, HLA-I heavy chain expression in
paraffin-embedded tumors was positive in some studies (Seliger et al., 2010), whereas
others reported loss of expression in 50% (Zhang et al., 2003), 74% (Kitamura et al.,
2007), and 90% (Lu et al., 2000) of cases. Analysis of HLA-I expression in
cryopreserved prostate tumors allows more detailed analysis; thus, when individual
allelic expression was assessed, loss of one or more alleles occurred in 78% and
cumulative HLA-I loses in 85% of the cases (Blades et al., 1995). In contrast, Nanda
and colleagues reported that all 27 cryopreserved human prostate tumors studied were

HLA-I-positive, although they used a different primary antibody (Nanda et al., 2006).

In the present study, loss of B2m expression was observed in 50% of the HLA-I

negative tumors versus 65% reported by Seliger et al and 24.8% by Kitamura and co-
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authors and was correlated with poor prognosis. Moreover, we found that f2m mRNA

expression was significantly lower in tumors totally negative for HLA-L.

Total loss of HLA-I expression associated with structural genetic aberrations,
such as f2m mutations, has been reported in melanoma and in colorectal carcinoma with
microsatellite instability with a mutational “hot-spot” detected in the CT repeat region
of exon 1 reflecting an increased genetic instability in this region (Bernal et al., 2012;
del Campo et al., 2014; Kloor et al., 2007; Paschen et al., 2003). In our study we did not
see any £2m mutations/deletions in microdissected primary prostate tumors and only
one case was with LOH-15. However, we found a f2m mutation and LOH-15 in one
HLA-I-negative prostate cell line, which is to our knowledge, the first report of f2m
gene deletion in human cell line derived from a cancerous human prostate. Interestingly,
this deletion lies close to the “hot spot” described in other cancers. The presence of such
irreversible “hard” HLA lesion could represent a serious obstacle to the efficacy of PC

immunotherapy (Aptsiauri et al., 2008).

Notably, the role of f2m expression in PC is controversial. Some groups
associate 2m downregulation with bone metastasis (Huang et al., 2006), whereas
others correlated elevated f2m expression with clinically aggressive PC (Mink et al.,
2010). It has also been proposed that the downregulation of prostate tumor HLA-I
increases the secretion of free soluble f2m, leading to increased serum and urine levels
(Abdul and Hoosein, 2000), which have been correlated with clinical stage, Gleason
grade, PSA, distant metastasis, and therapeutic efficacy (Zhang et al., 2013). Some
reports suggest that soluble B2m is a growth-promoting factor in hematological
malignancy and PC, and anti-f2m blocking antibody has been proposed as a treatment
for myeloma and PC and has been evaluated in in vivo models (Yang and Yi, 2010).

However, this approach could impair anti-tumor T-cell activity, because HLA-positive
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tumor cells can be eliminated by CTLs, while HLA-negative cells escape immune

surveillance and disseminate.

We also analyzed HLA class II expression in the studied PC tissue samples.
HLA-DR expression was negative in most BH and majority of prostate tumors.
Approximately 22% of tumors showed a heterogeneous HLA-DR labelling pattern,
which appeared to be associated with decreased relapse and lesser PNI. De novo class 11
expression has been associated with a more aggressive phenotype in melanoma (Moretti
et al., 1997) but with a better prognosis in colorectal (Sconocchia et al., 2014) and

laryngeal carcinoma.

Characterization of the nature of molecular defects causing HLA altered
expression is important in patient selection for immunotherapy treatment. More detailed
molecular analysis, including responsiveness to cytokine treatment and modulation of
transcriptional and cell surface tumor HLA class I expression can be done only in vitro
using cell lines derived from patients with prostate cancer. However, current knowledge
on HLA-I expression in human PC cell lines is incomplete, partially due to a limited
availability. In addition, novel human prostate cancer cell lines with characterized HLA
class I expression can be useful in research related to HLA loss in cancer immune
escape, providing an in vitro model for cancer immunotherapy or gene therapy aimed at

recovery normal HLA expression.

In this work we characterized HLA class I and II expression in twelve previously
unreported cell lines derived from cancerous prostate tissues (both malignant and
normal epithelial cells) obtained from our collaborators in Onyvax company in London

UK as a part of European collaborative project ENACT.
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These cell lines displayed various allele- and locus-specific HLA-I losses, in
some cases resistant to IFN-y (mostly locus-C). Constitutive HLA-DP, -DQ and -DR
expression was negative in all studied cell lines but was inducible by IFN-y in some
cases. Expression of HLA-II has been shown to be lacking on human PC cells, while
upregulation of class II molecules on prostate tumor cells have been reported by others
(Bander et al., 1997). Interestingly, we detected HLA alterations both in malignant cells
and in cells derived from normal epithelia of PC patients, which could be attributable to
the immortalization of the cells with HPV, since it has been described that transfection
with E6/E7 is able to cause chromosomal instability. Similarly, HLA-I expression in
melanoma cells was found to be higher than in normal epidermal keratinocytes (Boegel
et al., 2014), although a very high percentage of melanoma primary tumors and

metastatic lesions are known to have altered HLA-I expression.

Many studies have used LNCaP and DU145 as target cells for T-cell immune
response analysis, despite the fact that LNCaP has HLA-I downregulation caused by
intracellular defect in the assembly of the HLA-I complex (Carlsson et al., 2004), while
DU145 has HLA-A3 allelic loss due to a mutation (Jiménez et al., 2001). Altered
expression of HLA class I molecules can also be caused by reduced expression of APM
proteins, but we did not see it in the studied cell lines (even in immortalized ones), and

this expression was always inducible by IFN-y.

Our findings demonstrate that HLA-I altered expression is a very frequent event
in human prostate cancer, ranging from total loss to reduced expression of single loci
and alleles, and it is associated with more aggressive clinical course. Notably, a
downregulation of the mRNA levels of HLA-I and some APM molecules was the most

frequent molecular mechanism responsible for these alterations, although a significant
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number of the studied tumors (32%) displayed “hard” lesions in a form of LOH-6 and
one tumor had LOH-15. Our group previously reported a coordinated downregulation of
HLA-I and APM molecules to be responsible for HLA-I loss in bladder carcinoma
(Romero et al., 2005). The present findings suggest a similar regulatory molecular
mechanism of HLA loss in PC to that in bladder cancer. However, we believe that
genetic defects, including LOH affecting heavy and light chains of HLA complex, play
a role in generating tumor escape variants during natural cancer development and after
immunotherapy. In addition, the marked differences in clinical responses among cancer
patients receiving adoptive TILs, peptide-based immunotherapy or antibodies blocking
immune checkpoint inhibitors, highlight the need for further research into the role of

HLA molecules in the resistance to therapy.

Given the impact of structural HLA-I alterations in the tumor resistance to
immunotherapy, correction of antigen presentation in these tumor types using gene
transfer methods may increase the efficacy of treatment. Recovery of HLA-I expression

on tumor cells would allow for the increased presentation of tumor antigens to CTL.

We developed an experimental approach to recover tumor HLA-I loss by using
recombinant viral vectors. Total loss of HLA class I expression is frequently caused by
mutations/deletions in one copy of the P2m gene and loss of another copy in
chromosome 15 due to LOH (Bernal et al., 2012). We have reported previously that
adenovirus-mediated recovery of B2m expression in tumor cells with genetic alterations
in B2m gene recovers normal cell surface HLA class I expression and recognition by
CTL (del Campo et al., 2009). LOH at chromosome 6p21 commonly generates HLA
haplotype loss leading to the loss of specific HLA alleles in various human tumors
(Maleno et al., 2002; Smith et al., 2012). Importantly, the loss or decreased expression

of only one HLA allele could be sufficient to promote tumor immune escape with a
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negative effect on the clinical efficacy of immunotherapy, because the presentation of
many tumor-associated antigenic peptides are restricted to specific alleles. HLA-I heavy
chain is highly polymorphic and some HLA alleles appear to be able to bind more
epitopes than other. One particular allele, HLA-A2, plays an important role both in
tumor rejection, since the affinity to a large number of known cancer-associated
epitopes recognizes by CTLs is by far the highest for HLA-A*0201 allele (Paul et al.,
2013). Selective loss of HLA-A2 has been described in transformed cells (Chang et al.,
2005), in some reports it had a negative impact on the presentation of NY-ESO-1

peptide used for cancer immunotherapy (Klippel et al., 2014; Smith et al., 2012).

Based in this data we constructed two types of vectors (adenovirus serotyope
5(Ad5) and AAV serotype 2 (AAV2)) carrying HLA-A2 gene in order to recover or

upregulate the expression of A2 allele on the surface of tumor cells.

Infection of cells with Ad5 or AAV2 coding for HLA-A2 gene results in
recuperation of A2 expression in tumor cells deficient for this allele due to a
chromosomal loss. These gene transfer method can also up-regulate endogenous
genomic HLA-A2 in cells with low baseline A2 expression, or introduce a new HLA-
A2 allele in addition to the existing six HLA alleles in tumor cells with HLA genotype
negative for A2. In addition, tumor cell co-transfection with Ad5 coding for HLA-A2
and f2m genes demonstrated that the de novo expressed proteins can form a detectable

HLA-I/B2m complex on the tumor cell surface.

In earlier experimental systems introduction of MHC class I molecules into class
I negative tumor cells led to higher immunogenicity and decreased tumorigenicity
(Wallich et al., 1985). In some reports f2m transfection led to recovery of MHC class I

expression and escape from natural killer cells (Glas et al., 1992), other publications
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describe the reversal of metastatic phenotype in murine carcinoma cells after
transfection with syngeneic H-2 gene (Wallich et al., 1985). Allogeneic transfer of
HLA-B7 together with f2m has been previously reported to stimulate CTL and innate
immune responses in melanoma (Doukas and Rolland, 2012). However, this approach
induces immune reactivity directed against allogeneic target, and does not recuperate
altered natural HLA-I expression and specific peptide presentation in HLA-restricted

manner.

Advances in cancer gene therapy involving viral vectors coding for a wide range
of therapeutic genes has offered novel tools for boosting anti-cancer immunity. Both
adenoviral and adeno-associated vectors are widely used for transfer of a wide range of
therapeutic genes (CD40L, p53, APM genes, different cytokines, etc.) aimed at boosting
anti-cancer immunity both in experimental models and in clinical trials (Loskog et al.,
2005; Vorburger and Hunt, 2002). Most commonly used adenoviral vectors of type 5
serotype (Ad5) offer a number of advantages including a broad cellular tropism,
efficient gene transfer, persistence of gene expression, and little toxicity. We have
reported previously that adenovirus-mediated recovery of f2m expression in tumor cells
with genetic alterations in f2m gene recovers normal cell surface HLA class I

expression and recognition by CTL (del Campo et al., 2009).

To date, the most commonly AAV vectors have been based on AAV serotype 2
and it has been already used in clinical trials in humans with variable outcomes.
Transduction in vitro with different AAV serotypes of a variety of human tumor cells,
including small cell lung carcinoma, ovarian carcinoma, melanoma, colon carcinoma,
pancreatic carcinoma, cervical carcinoma, and osteosarcoma, has been reported, but
there is still much controversy with reference to the transduction efficiency of AAV

vectors in human malignant cells (Chen et al., 2013; Maass et al., 1998; Teschendorf et
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al., 2010). Here we report that AAV serotype 2 (AAV2) among other studied AAV
serotypes has the highest GFP transduction efficiency in different human tumor cell
lines, although, in general, inferior to adenovirus, since Ad5 demonstrated the same
efficacy as AAV2 at a ten times lower dose. We also observed that the efficacy of AdS
to drive a de novo expression of HLA-A2 allele is higher than that of AAV2. Using both
these vectors we achieved a recovery of HLA-A2 expression on A2-deficient Ando-2
melanoma cells, and an increase in HLA-A2 expression even in tumor cells already
positive for endogenous genomic A2 allele. Importantly, a simultaneous transfer of both
£2m and HLA-A2 genes into f2m-deficient/HLA-A2 negative tumor cells using AdS

vector recovered cell surface HLA-I expression.

Increased HLA-I expression and tumor cell immunogenicity can be also
achieved by the introduction of viral vectors encoding the peptide transporter TAP into
APM-deficient tumor cells (Lou et al., 2007). Other strategies to counteract tumor
HLA-I deficiencies have been suggested, including search for CTLs that are capable of
recognizing low expressing MHC-I tumors (Lampen and van Hall, 2011), or
development of a genetic vaccine based on introduction of a membrane-attached f2m
(Cafri et al., 2013). Another interesting approach to stimulate recognition of HLA-
deficient tumors is design of T-cells that express chimeric antigen receptors (CARs).
Unlike for TCR recognition, the antigen does not need to be processed and presented by

HLA (Park et al., 2011).

Here we have described a restoration/upregulation of HLA-A2 surface
expression in different tumor cell lines by using a replication-deficient AdVS or AAV2
vector that carry HLA-A2 gene. Introduction of both HLA-A2 and £2m genes using both

types of viral vectors leads to an efficient association of both molecules into cell surface
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HLA/B2m complex, which gives an option of correcting simultaneously multiple defect

causing HLA-I loss.

We hypothesise that recuperation of normal endogenous HLA-I alleles
expression will induce stronger immune response against cancer than other approaches,
since it may recruits old circulating peptide-specific HLA-restricted CTLs previously
primed against tumor cells, while other strategies, which promote allogeneic response or
various T-cell based immunotherapies, may fail to induce new T-cell response against

tumor cells deficient for HLA-I expression.

This scenario is schematically represented in Figure 1.

148



Discussion

a) Normal HLA-I expression b) Haplotype loss

00
0o A24

c) Haplotype loss + 32m alterations

go 2= l 38 |
w2400 s @ | w‘ | .
Yo A2 . E Cw7 fe E B2m
o y ! 00 '
& 1—; SCe== ! B7 182m + HLA-A2 2 1
M e e B40 Doerhes asdes 700 Az
S B : e ge
A2 and B40 | | ; Cwz
restricted | | : eis)
peptides ! ! ®
: ! @ B7(0
i ! 00 2%
' ' A24 0e OO/
: : @ A2
1 | e
1 1 OO
. cw?

Elimination

Figure 1. CTL response against cancer cells presenting tumor-associated peptide restricted by
HLA-A2, cither with normal or altered HLA-I expression, and after recuperation of HLA-A2
expression. &) Normal HLA-I expressing tumor cells present peptides in HLA restricted
manner, which will lead to tumor cell recognition by CTLs and consequent elimination. b)
Tumor cells with structural HLA-I alterations, such as haplotype loss, may lose the surface
expression of the peptide specific for the lost haplotype and may escape T-cell recognition and
proliferate. Recuperation of HLA-I endogenous allele (HLA-A2) via viral transfection recovers
tumor peptide presentation by HLA-A2 and, as a consequence, reactivation of the pre-existing
T cell clones specific for this peptide. ) This gene therapy approach is also feasible in case of
accumulation of new “hard” lesions, including total loss of HLA-I expression due to f2m
mutations. In some cases, the recuperation of HLA-I expression by f2m transfer alone may be
not enough, since there could be other alterations preventing presentation of particular tumor
associated peptides. Simultaneous correction of both p2m and HLA-A2 deficiencies could
improve recognition and elimination of cancer cells by specific CTLs.

Primary tumors consist of heterogeneous populations of malignant cells that give
rise to different cell clones undergoing immune selection. The combination of somatic
evolution of genetically unstable tumor cells and immune selection during cancer
progression leads to the proliferation of tumor variants that have better survival options.
The selective pressure leads to the expansion of new populations of cells capable of
evading different immune responses. In this way, tumor cells with normal HLA-I
expression are subjected to T-cell cytotoxic response restricted to an HLA-I allele (e.g.

HLA-A2 restricted CTL reactivity) and eliminated, but HLA-altered clones may arise

149



Discussion

due to structural defects as HLA haplotype loss and generation of HLA-A2 negative
cells, that ultimately will progress, although new tumor escape variants can appear

(Aptsiauri et al., 2013).

We believe that the correlation between clinical outcome of immunotherapy and
HLA expression cannot be precisely defined without identification of the exact type of
HLA defect in every given tumor and patient, which would predict the ability of CTLs
to recognize tumor associated peptides. It has been shown that immune evasion
strategies can be developed before the clinical application of immunotherapy (del
Campo et al., 2014), making important the analysis of tumor HLA expression for
selection of effective therapy. Unfortunately, the majority of cancer immunotherapy
clinical trials do not include tumor HLA-I expression analysis before or during the
treatment, reducing the number of patient with potentially positive clinical response.
The importance of monitoring tumor HLA-I expression was suggested by a clinical trial
report of the immune response associated with multiple tumor peptides used for
vaccination in renal cell cancer (Walter et al., 2012), in which they treated 96 HLA-
A*02 renal cancer patients with peptides presented by HLA-A2 without previous
assessment of tumor HLA-A2 expression. We believe that pre-selection of patients with
tumors expressing HLA-A2 for this clinical trial would have improved the outcome of
the therapy. In fact, the study was continued with a previous selection of HLA-A2
positive patients, suggesting that the systematic use of T-cell response monitoring may

constitute a valuable strategy to optimize immunotherapy (Walter et al., 2013).

In summary, our results indicate that viral vectors coding for HLA molecules
represent a useful tool in upregulation of tumor HLA class I expression which can be
used to increase rejection of tumors harboring structural genetic defects responsible for

HLA class I loss. Tumor HLA-I upregulation also may enable cancer biologists to better
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understand how to specifically target CTL-mediated immune responses and further

improve therapeutic efficacy of cancer immunotherapy.
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Conclusions

. High percentage (88%) of cryopreserved PC tumors show some type of HLA-I
alteration. Half of the studied tumors showed loss of B-2-microglobulin (2m)
and total loss of HLA-I expression (phenotype 1) associated with a tendency to

increased tumor recurrence, high D’ Amico cancer risk, and perineural invasion.

. There was a significant association between total HLA-I loss and reduced
mRNA expression of APM molecules, including tapasin, TAP2, f2m, and of a
transcriptional factor NLRCS, all pointing to a coordinated downregulation of

HLA expression.

. Molecular analysis of the prostate tumors revealed that 32% of the studied
samples have structural genetic alteration: a loss of material in chromosome 6
(LOH-6). One tumor had LOH-15, but sequencing of the f2m gene did not

detect any structural aberrations.

. The studied prostate cell lines displayed various allele- and locus-specific HLA-I
losses, in some cases resistant to IFN-y. One cell line showed total loss of HLA-I
expression caused by two structural defects in f2m gene, a microdeletion in one

gene copy and a chromosomal loss (LOH-15) affecting another copy.

. AAV serotype 2 among other studied AAV serotypes has the highest GFP
transduction efficiency in different human tumor cell lines, although, in general,
inferior to adenovirus. Quadruple mutant has superior transduction effectiveness

in melanoma cells over the wild type AAV2 or other mutant variants

. Infection of cells with adenovirus or AAV2 coding for HLA-A2 gene modulates
A2 expression in tumor cells resulting in either: 1) Recovery of lost HLA-A2

expression (in melanoma cells Ando-2, which permanently lacks A2 allele due
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to a chromosomal loss); 2) Upregulation of endogenous genomic HLA-A2 in
cells with low baseline A2 expression; or 3) Expression of a new HLA-A2 allele
in addition to the existing HLA alleles in tumor cells with HLA genotype

negative for A2.

7. Co-infection of tumor cells HLA-I-negative tumor cells with adenovirus vectors
coding for HLA-A2 or f2m genes demonstrated that the de novo expressed

proteins can form a detectable HLA-I/B2m complex on the tumor cell surface.
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LIST OF ABREVIATURES

AAV: Adeno-associated vector

Ad: Adenovirus

APC: Antigen Presenting Cell

APM: Antigen Presentation Machinery
2m: Beta-2-microglobulin

BCG: Bacilus Calmette-Guerin

BH: Benign Prostate Hyperplasia

CAR: Coxsackievirus Adenovirus Receptor
CMV: Cytomegalovirus

CMV: Cytomegalovirus

CRAAdV: Conditionally Replicating Vectors
CRPC: Castration Resistant Prostate Cancer
CTL: Citotoxic T lymphocyte

DC: Dendritic Cell

EBV: Epstein Barr virus

ER: Endoplasmic Reticulum

FACS: Fluorescence-Activated Cell Sorting
FDA: Food and Drug administration

GFP: Green Fluorescent Protein

GM-CSF: Granulocyte macrophage colony-stimulating factor
HC: Heavy chain

HLA: Human leukocyte antigens

HLA-I: Human leukocyte Antigen class I
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HLA-II: Human leukocyte Antigen class II
HSPG: Heparan Sulfate Proteoglycan

IFN: Interferon

IL: Interleukin

ITR: Inverted Terminal Repeat

LHRH: Luteinizing Hormone-Releasing Hormones
LOH: Loss of heterocygocity

mADb: Monoclonal Antibody

MFI: Mean fluorescence intensity

MHC: Major histocompatibility complex
MOI: Multiplicity Of Infection

NK: Natural killer cell

NLRCS: NOD-, LRR- and CARD-containing 5 factor
PBMC: Peripheral Blood Mononuclear Cells
PC: Prostate cancer

pfu: Plaque-forming units

Ph: Phenotype

PLC: Peptide Loading Complex

PNI: Perineural invasion

PSA: Prostate Specific Antigen

scAAV: Self-Complementary AAV

SCID: Severe Combined Immune Deficiency
TAA: Tumor associated antigens

TCR: T-cell receptor

TNF: Tumor necrosis factor

192



Apendix

Treg: Regulatory T cells
TSA: Tumor specific antigens

vg: Viral genomes
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