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Abstract

Growth in 3D architectures has been shown to prertia resistance of cancers to treatment with
drugs, cytokines, or irradiation, thereby potehtiglaying an important role in tumor expansion.
3D architectures might also play a role in imparimmunorecognition of cancer cells by

cytotoxic T lymphocytes (CTLs) specific for tumassaciated antigens.

Culture of HBL, D10 (both HLA-A*0201+, TAA+) and N& (HLA-A*0201+, TAA-) melanoma
cell lines on poly-Hydroxyethylmethacrylate-coat@dates, resulted in generation of 3D
multicellular tumor spheroids (MCTS). Kinetics ddlicproliferation in MCTS was significantly
slower than in monolayer cultures. Following loegah culture (>10-15 days) MCTS showed

highly compact and organised cell growth in oussels, with necrotic cores.

To obtain an insight into the role played by turacchitecture in the elicitation of specific gene
expression patterns, we addressed gene expressifilegpof NA8 melanoma cells cultured in

two-dimensional monolayers (2D) or in 3D (MCTS)iddhucleotide microarray analysis of the
expression of over 20,000 genes was performed sadtured in standard 2D, in the presence
of collagen as model of extracellular matrix (ECM),in MCTS. Gene expression profiles of
cells cultured in 2D in the presence or absenc&®@#M were highly similar, with more than

threefold differences limited to five genes. In tast, culture in MCTS resulted in the

significant, more than threefold, upregulation bé texpression of >100 transcripts, while 73
transcripts were more than threefold downreguldtegarticular, genes encoding CXCL1, 2, and
3 (GROw, -B, andy), IL-8, CCL20 (MIP-3r), and Angiopoietin-like 4 were significantly

upregulated, whereas basic-FGF and CD49d encodaingsgwere significantly downregulated.
Oligonucleotide chip data were validated at theegend protein level by quantitative real-time
PCR, ELISA, and cell surface staining assays. Tdkgether, our data indicate that structural
modifications of the architecture of tumor celltoués result in a significant upregulation of the
expression of a number of genes previously showplap a role in melanoma progression and

metastatic process.

Then we investigated the effects of 3D culture o recognition of melanoma cells by antigen-

specific HLA class I-restricted Cytotoxic T-Lymphaes (CTL). IFNy production can be used



as a surrogate marker for tumor cell immunorecagmitCo-culture of melanoma spheroids with
HLA-A0201 restricted Melan-A/MART-%;,ssspecific CTL clones resulted in significantly
defective TAA recognition by CTL as compared to 28 witnessed by decreased I#N-
production and decreased Fas Ligand, perforin aanzgme B gene expression. Indeed, Melan-
A/MART-1 expression, at both gene and protein Igyvelas significantly decreased in 3D as
compared with 2D tumor cell cultures. Concomitanidy parallel decrease of HLA class |
molecule expression was also observed. Differeggak profiling studies on HBL cells showed
an increased expression of genes encoding moletweled in intercellular adhesion, such as
junctional adhesion molecule 2 and cadherin-likee20- and 8-fold up-regulated, respectively)

in 3D as compared with 2D cultures.

We further identified a multiplicity of mechanismstentially involved. In particular :

1) MCTSper selimit CTL capacity of recognizing HLA class | rested antigens by reducing
exposed cell surfaces.

2) Expression of melanoma differentiation antigendown-regulated in tumor cell spheroids as
compared to 2D unrelated to hypoxia or increasedo&mtin M gene expression but rather to
decreased MITF gene expression.

3) Expression of HLA class | molecules is frequgrdbwn-regulated in melanoma MCTS, as
compared to 2D, possibly due to decreased IRF-& ggpression.

4) Lactate production by melanoma cells is incrdaseMCTS, as compared to 2D and lactate

significantly inhibits TAA triggered IFN-production by CTL.

Taken together, our data suggest that mere grofutmetanoma cells in 3D architectures, in the
absence of immunoselective pressure, may resulefactive recognition by tumor-associated
antigen-specific CTL and a constellation of mechars are involved in causing this impairment

of immunorecognition.
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Chapter 1

AN 00 I e o

Introduction

“Wat ik, will is dat alles rond is en erals ‘t ware begin noch eind ergens aan
de vorm is, doch die een harmonisch levend geheel uitmaakt".

(What I want is for everything to be round without, so to speak, a beginning
or end of the figure anywhere, so that it makes one, lifelike harmonious whole)

Vincent Van Gogh
(1853-1890)

Melan-A/MART-1,7.35 epitope-specific HLA-A*0201 restricted CD8+ T
lymphocytes could infiltrate only superficially in HBL spheroids, as analyzed
by confocal microscopy.




1. Introduction

Skin cancer has increasingly been brought into doduring recent decades in the
international epidemiological community, due toegtaupwards slope of trends for malignant
melanoma. It is expected that more than 60,000psrwill be diagnosed and there will be death
of around 8,000 melanoma patients in 2006 only 8AU(American Cancer Society: Cancer
Facts and Figures 2006).

Increase in the incidence of malignant melanomatisngly related to frequency of
recreational exposure to the sun and to historysuiburn. United Nations Environment
Programme (UNEP) has estimated that more than Romihon-melanoma skin cancers and
200,000 malignant melanomas occur globally each. ywathe event of a 10% decrease in
stratospheric ozone, an additional 300,000 nonmo@tea and 4,500 melanoma skin cancers
could be expected worldwide. Caucasians have aehigbk of skin cancer because of the
relative lack of skin pigmentation. Melanoma arigesnelanocytes found along the basement
membrane of the epithelium which synthesize, starel transfer melanin pigments to
surrounding epithelial cells in skin. Radial grondh melanoma (e.g. few layers of neoplastic

cells) has traditionally been associated with goajnosis.

1.1. Need for simple in vitro tumor model system:

Rapidly developing anticancer research requirestebetinderstanding of tumor
architectures and better model systems for chedpragid testing of therapeutic approaches in
vitro. Growing evidence is supporting the idea thahor microenvironment and tumor tissue
architectures may be the ultimate regulators of ¢bkular phenotype and functions. These
factors determine how the cancer cells interpreichemical cues from their immediate
surroundings. Currently, there is nan “vitro” model, utilizing human cells, allowing to
adequately address these issues in controlled teamgli Simple and reproducibie vitro model
systems using human cells are urgently needednolatie then vivo microenvironment of small
avascular tumour.

Active antigen specific immunotherapy is currenlging investigated in a number of
clinical centers as treatment option for advant¢agesmelanomailthough a variety of different

vaccination procedures are capable of inducing Tumessociated antigen (TAA) specific



cytotoxic T-lymphocyte (CTL) ih vivd’ in large percentages of immunized patients, tintcal
responses are only detectable in a minority of th@ytotoxicity assays or the functional
monitoring of clinical immunotherapy trials are afly performed by utilizing, as targets, cell
lines, frequently of lympho/myeloid origin, express appropriate HLA alleles upon pulsing
with specific peptides. At present, in the humattirsg, typical experimental protocols imply the
admixture of effector and target cells pelletedetbgr in culture wells. The lack of correlation
between data obtainedn®vitro” with these technologies and clinical data of inmotherapy
trials suggests that this model system might neigadtely account for critical aspects of the

interaction between immunocompetent cells and aance

1.2. Importance of simulating 3D tumor architecture

Experimental murine models indicate that tumorscell suspension, regardless of their
numbers, are frequently unable to produce lifeata@ing cancer outgrowth, as opposed to solid
tumor fragments (Ochsenbein AF et al 2001), whilgucing specific immune responses. Thus,
proliferation in structured architectures appeacs represent a pre-requisite for cancer
development. Immunocompetent cells infiltratingvivo 3D tumor architectures are often found
to be functionally impaired. In particular, tumafiltrating CD8+ cells staining positive for TAA
specific multimers, have been reported to be imiasgent state and unable to respond with IFN-
v production to antigenic challenges.

Human tumours are complex three-dimensional tisgueghich extensive cell-cell and
cell-extracellular matrix (ECM) interactions takkage, gradients of diffusible molecules develop
and cells assume particular geometries. In contsaaplein vitro two-dimensional conventional
monolayer cultures limit the extent to which cedlicand cell-ECM interactions can occur,
diffusion gradients are absent, and cells are azgdrn(and constrained) in a 2D plane. To a large
extent it is these features that dictate the respom treatment, either directly or indirectly. &t
modulation arises for such reasons as drug trandpuoitations (diffusion) and altered
physiochemical environment (e.g., the efficacy afliotherapy is reduced in low oxygen
environments). Indirectly, the microenvironmerfedtures of a tissue direct cellular phenotype
and function. Changes in protein expression, d&jisplogy, and cell-cycle status attenuate the
response to anti-tumor treatment. A classic exangpleat many chemotherapeutic agents target

proliferating cell population, yet a significantgportion of tumour cells enter a quiescent state



due to reduced availability of nutrients and oxygeiffusion limitation). In contrast monolayer

cultures are generally in a replicative state, mgkhem more susceptible to treatments.

Hence it is critically important to understand 3Bnior microenvironment for designing a
successful treatment protocol. Many microenvironhodranges occur within dn vivo tumor as
a result of its 3D architecture and insufficiensealar function. Small avascular tumor nodules
as well as microregions of large tumors can devaldgpical tumor microenvironment niche in
which there may be major gradients of oxygen, gtectactate, H+ ions, other nutrients, growth
factors, toxic waste products. This heterogeneaus@ment along with instability of malignant

genome can generate diverse phenotypes respofwilaliéered responses to therapeutic agents.

One approach of investigating the biology of thetenogeneous tumor microenvironment
is by culturing cancer cells in the form of thraezdnsional tumor spheroids. This model system
have been developed in the past decade, aimingpédrang radio or chemoresistence of tumor
cells in “in vitro” assays more closely related“to vivo” conditions than standard monolayers.
In the late 1950s, multicellular aggregates ofscelere first proposed by Holtfreter (Holtfreter J
1944) and Moscona (Moscona A 1957). Around early0%9 Sutherland and coworkers
systematically investigated the response of tunall @ggregates to anti-neoplastic therapy.
Because the cell lines formed nearly perfect sphbaped cell aggregates, they were called
"spheroids." (Sutherland RM et al 1971; Sutherlgihi 1988).

1.3. Multicellular tumor spheroid model system

Multicellular tumor spheroids (MCTS) have been mpd to accurately represent early
events of avascular tumor growth especially wittspeet to growth kinetics, cellular
heterogeneity (e.g. the induction of proliferatigmadients and quiescence), as well as
differentiation characteristics, such as the dgwalent of specific histological structures or the
expression of antigens, morphological features obrly vascularised tumour regions and
micrometastases (reviewed by Mueller-Klieser W 198utherland RM 1988; Desoize et al.
2000. MCTS remindin vivo cancers in their capacity to develop necrotic @ifaafrom nutrient
and oxygen supplies. Furthermore, cells culturedM@TS are also similar to solid tumors in
their proliferation dynamics (Gorlach A et al. 199dnlike the conventional monolayer cultures,

proliferation curve of MCTS typically fit the Gomgiz equation, which is classically used to



guantitatively evaluate neoplastic growth (Bajzéraé 1997; Chignola et al. 2000). Most
importantly, it has been shown that MCTS displdfedent metabolic characteristics (Santini MT
et al. 1999) and a decreased sensitivity to apgpthge to radio-chemo treatments or to death
receptors ligation (Santini MT et al. 2000) as camapl to their 2D cultured counterparts. As
already reported by several groups, 3D architecafréICTS can regulate gene expression
pattern and cellular differentiation (Grover A ¢t E983; Sutherland RM et al. 1986; Dangles V
et al 2002). But the genetic and molecular basélsebiological peculiarities found in malignant

cells grown as three-dimensional aggregates strto be systematically investigated.

Due to such close similarities with in vivo tumMCTS model system have been widely
used in biomedical research (Mueller-Klieser W 1997mostly as an in vitro model for
systematic studies of tumor cell response to radiapy and chemotherapy. Evidence is
accumulating in support of the thought that théttigtercellular contact, rather than attachment
to artificial substrate, could represent the kestdafor enhanced resistance to cytotoxic agents
like, radiation, heat, ultrasound, drugs (Durand &El. 1975; Sacks PG et al. 198Agjacent
cells in MCTS are held together by surface membrameoprojections, extracellular matrix and
a variety of cell-cell junctions (desmosomes, tigbnctions, junctional complexes, gap
junctions). The frequency of these junctions vaweely among spheroids of different cell lines.
Cell surface proteins, allowing €adependent or independent adhesion, from the #elect
(binding to carbohydrate groups), cadherin andgnite(cell surface protein binding) families
facilitate recognition and adherence between céllsaaddition to the obvious role of cell-cell
adhesion, binding of these proteins to the appatgiligands results in conformational changes,

transmitting a signal across the cell membranéeaytosol (Bates RC et al. 2000).

However there is a curious paucity of researchroBigg immune responsiveness to tumor
cells cultured in 3D architectures. We envisage filmher exploration of the interaction of tumor
microenvironment with immune cells may help gathgimproved understanding about immune

recognition process and in turn this may lead ttebéherapeutic strategies.

1. 4. Spheroid culturing techniques
1.4.1. Introduction
The development of appropriate vitro models that may reflect thim vivo tumor

environment may represent a key factor for the ystofd malignancies. Although lacking of

4



stroma and the vasculature of in vivo solid tumM§TS model systems have many similarities
to in vivo cancers. Several different methods ttivate MCTS are available, their suitability

depending on the particular application. All thesethods have in common the cultivation of
cells in a non- or poorly adherent environment. W\fib accessible substratum to which they

might adhere, naturally anchorage dependent cafimggregate and develop into spheroids.

1.4.1.1. Stirred cultivation methods

To avoid the complication of a nonhomogenous emarent, Moscona introduced the
spinner flask method in the early 1960'’s for th#ication of embryonic cells (Moscona 17,
Moscona MH et al 1963; Moscona ®68. This method was later adopted by several groups
(Sutherland RM et al. 1976; Wiens AW et al. 191#)the cultivation of MCTS. In this approach

cells are stirred at 150-200 rpm to inhibit adhegmthe flask and to maintain them in

Spinner flask

Figure 1: Traditionally used spinner flasks forgaeng multicellular spheroids

suspension (Figure-1). Co-incidental collision adtherence of cells with each other result in the
formation of aggregates. Today this is achieveahgugpinner flasks, shake flasks, or roller
bottles, and large numbers of spheroids can berggkewith minimal handling. Unfortunately
shear sensitive or weakly adherent cells often ttaihggregate and develop into spheroids in
these systems, although a pre-formation step itic stalture may be used. Additionally, the

random nature of aggregate formation typically tssiun MCTS populations of widely



distributed size, and for analytical purposes ad#n step is required (Santini MT et al 1999).

Possible effects of the mechanical forces on @allphenotypes must also be considered.

Another popular approach to MCTS cultivation is ttetating wall vessel bioreactor
(RWVB), or microgravity bioreactor (Figure 2). Thaetating bioreactor was invented by NASA
as a model of microgravity effects on cells to gatee a three-dimensional tissue construct
(Hammond TG et al 2001). Freed et al (Freed LH &087) grew specimens of bovine cartilage
tissue under both normal (Earth) and micrograviapditions (Mir), and reported that initially
disk-like specimens became spherical in space, e@seconstructs grown on Earth maintained

their initial disk shape.

Figure 2: Rotating wall vessel bioreactor

In RWVB cells are maintained in suspension by ramdng the gravity vector, leaving them in

a state of perpetual freefall to fecilitate aggtegaand formation of spheroidal tissue (reviewed
in Hammond TG et al 2001). This approach combihesatlvantages deriving from stirred flasks
(e.g., large numbers/volumes) with a gentle envirent that facilitates cell-cell adhesion, while
providing excellent bulk mixing of the cultivatianedium (Licato LL et al 2001; Song H et al

2004; Simons DM et al 2006).

1.4.1.2. Hanging-drop method

The use of hanging drops in the production of ¢allaggregates has been first reported
for non-neoplastic cells (Kennedy TE et al. 199¢cently Kelm et al. (Kelm JE et a003
adopted this method for the generation of MCTSthla method a small volume (20-80D) of



cell suspension is dispensed into the wells of avélD micro-titer Terasaki plate. The plate is
then inverted, resulting in a hanging-drop by steféension of the culture medium. Under the
influence of gravity, cells settle at the mediumiaterface, where they subsequently aggregate
and develop into multicellular Spheroid. This ammi® avoids contact with any atrtificial
substratum and provides a very gentle environnaamt,it has been reported to result in spheroid
population of narrowly distributed size. A majoradiback is the limited volume of culture
medium that can be employed due to the designeopthates, limiting cultivation periods and
producing very small spheroids.

Hanging-drop method has also been employed by ecanesearchers to generate
confrontation cultures for studies of tumour inwesand angiogenesis (Timmins NE et a04.
As demonstrated by Del Duca et al. (Del Duca DI &0a4), the hanging-drop method can also
be combined with that of liquid overlay, aggregatitells in hanging drops and subsequently

cultivating in overlay culture.

1.4.1.3. Gel encapsulation

Gel encapsulation approaches have also been erdployethe generation of MCTS
(Kupchik HZ 1983; O’Keane JC et al 1990; Kupchik dZal 1990; Hoffmann J et al 1997A
cell suspension is mixed with a gelling agent (alginate or agarose) which is dispensed
dropwise into a setting agent (e.g.,’Caolution for alginate, or reduced temperature for
agarose). One advantage of this method is thaome respects it recreates the physically
constrained environment encounteredsivo, where tumor tissue is surrounded by other tissue.
It has been shown that growth induced stress inoagaencapsulated cultures can induce ECM
synthesis and growth inhibition, and decrease #te of apoptosis (Helmlinger G et al. 1997).
Solid stress can also facilitate MCTS formationeesally for highly metastatic cancer cell lines
that do not easily form spheroids. Growth-inhilgtistress in the range of 45-120 mmHg can
increase ECM (hyaluronan) synthesis by tumor c@fleike C et al 2002). Stress release,
however, may cause loss of MCTS integrity. Cellgehalso been cultivated first as spheroids in
spinner flasks and then entrapped in alginate-paile beads. But the entrapped spheroids did
not increased in size or number whereas free st suspension increased in size (Papas KK
et al. 1993).



1.4.1.4. Static cultivation methods

A most common and simple approach to the cultivatbMCTS is that of liquid overlay.
Cell culture dishes are coated with a non-adhemmedium (e.g., agarose, agar, poly-
Hydroxyethyl methacrylate), or fabricated from rexiherent materials (e.g., polystyrene Petri
dishes), and a cell suspension layered over topd¥uM et al 1977). Cells settle onto the non-
adherent surface, but are unable to find anchormsitee and subsequently assemble into
aggregates. This method is well suited for usé watls that are particularly sensitive to shear or
are only weakly adherent.

Poly(2-Hydroxyethyl methacrylate) (PolyHEMA)was stir described by Woodhouse
(Woodhouse JC. US Patent 2 129 722) and later wigstd as a hydrogel for making contact
lens, as proteins do not easily adhere to it. Aygpilon of PolyHEMA hydrogels as biomaterials
gained quick popularity as some of its physicalperties are similar to living tissue (high water
content, soft and rubbery consistency, hydrophijlitater permeability, low interfacial tension).
PolyHEMA is well known to prevent cellular adhes@amd spreading (Folkman J et al. 1978).

CH,
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Figure 3: Chemical composition of Poly-Hydroxy dtimethacrylate

Although widely employed, these static methods o£ET& cultivation have several
undesirable features. Under such conditions the Gt aggregate formation is variable,
essentially being a random process, and the reglMMICTS vary in size. As the MCTS lie on top
of a solid substratum, diffusion may not be homagers and this complicates theoretical
analysis, while the lack of stirring can lead totenegeneity in the cultivation medium.
Furthermore, possible interactions with the substcannot be easily discounted (Santini MT et
al 1999). Simple modifications of the general apptocan be employed to address some of these
issues. Controlled aggregation of individual MCT&h doe achieved by cultivation in 96-well
plates coated with PolyHEMA (all cells contributitjone MCTS in each well), and shakers can

be used to facilitate mixing of the medium.



1.4.2. MCTS Characterization
1.4.2.1. Growth kinetics of MCTS

Kinetics of cell growth can be measured by incoagion of tritium-thymidine (Carlsson J
1977; Nederman T et al. 1988) or by reduction cimddr Blue (Ghosh S et al. 2005a). Alamar
Blue is a non-toxic chemical, stable at culture med which can be used to monitor the
reducing environment of the proliferating cell.

Multicellular tumor spheroids closely resembie vivo solid tumors in their growth
dynamics. The Gompertz equation is traditionallgduso describe the size-limiting growth of

tumours and tumour spheroids and is given by:

Dit) = Dipae :.xp{ expl—at)ln| D[T“ ]}
in which Dy and D(t) are measures of spheroid size (eithenelier or volume) at initial time and
time t respectively, Rax is the limiting size, and a is the specific growdke (Winsor 1932; Ward
JP et al 1997). The resulting growth curve hasgasidal shape and reflects a continuously
increasing doubling time that causes an asymptapiproach to size Rx The Gompertz

equation was used to fit the spheroid growth cuofeiameter vs time (Marusic M et al 1994).

1.4.2.2. Morphological characterization

The value of three-dimensional MCTS in tumour reslegtems from their similarity tm
vivotumours, and this is readily apparent from a comparof physiochemical environment, cell
statusand growth kinetics. “In vivo” the distance frometmearest capillary limits diffusion
resulting in a decrease in the availability of rerits and oxygen with build-up of gradient of
metabolic products. A corresponding gradient ilutal status is observed, with proliferating
cells near the capillary and quiescent cells in dimelerlying regions, followed by areas of
necrosis.

Thomlinson et al (Thomlinson RH et al. 1955) aneshi@ck (Tannock IF 1968) showed
that within solid tumoin vivo only the cells near capillaries were proliferatanrgd the cells at a
distance of about 100-2Q0n from the vasculature were degenerating. Howeweath of these
studies were carried out in tumors with a pronodneedular appearance; penetrating vessels and
capillaries were surrounded by rather thin laydrsiable cells. In general, regions of massive
necrosis are often seen in fast growingivo malignant tumors (Rubin P et al 1968; Folkman J

1975). The fraction of viable and proliferativelseind the degree of nodular appearance seem to



vary widely between different tumor types (Ackermal et al 1974)Vascularisation-deficient
areas of tumor have retarded growth rate, dueadeiquate nutrition, accumulation of catabolic
products- which may produce low pH, high osmolality other toxic effects. A continuously

decreasing fraction of proliferating cells, a canobusly increasing frequency of cell death and
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Figure 4: Similarity of in vivo tumor with in vitrgpheroid model system, in simulating the
gradient of pH, oxygen concentration, nutrient Elality and different proliferative status

accumulation of debris from dying cells are someha histological changes associated with
tumor progression (Steel GG, 1977). Poorly vasaddrregions may also be difficult to reach
with cytotoxic drugs, immunological agents (e.gnymunoglobulins, macrophages, cytotoxic T
lymphocytes). Very similar to the morphology af vivo tumor, the same gradient of

physiochemical environment and cell status is olezkewhile progressing from the outer edge of
MCTS towards the center (Figure 4).

Multicellular tumor spheroid morphology has the guital to closely resemblie vivo
tumors by their capacity to develop necrotic cellareas far from nutrient and oxygen supplies.
Unlike conventional monolayer cell culture of expatial or plateau phase, there is always
significant metabolic diversity in spheroids, sorhetvsimilar to then vivo tumors. Position of a
particular cell in the spheroidal aggregate mayehesitical influence on the fate of governing
cellular function (Folkman J et al 1973). Rosengdr&t al showed that in a spheroid near
peripheral position is essential to differentiatebeyocarcinoma cells into functional visceral
endoderm cells (Rosenstraus MJ et al 1983).

Within the spheroid, cells deposit their own extedlular matrix in extensive amount as

compared to the monolayer cell culture, which heerbreported by many groups (Glimelius B et
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al. 1988). Nederman et al showed that spheroida btiman glioma cell line and a human
thyroid cancer cell line can generate ECM composédfibronectin, laminin, collagen
(demonstrated by microscopy and indirect immunag#igoence) and glycosaminoglycans in a

similar organization to that of tumoirs vivo (Nederman T et al. 1984).

Beyond a critical size of 5@®, most spheroids from permanent cell lines develop
necrotic core surrounded by a viable rim of cellBQ-300um) consisting of proliferating cells in
the spheroid periphery and quiescent, yet intadt\éable cells close to the necrotic center. The
size at which necrosis starts and the thicknedgheiviable rim of cells differ from cell types,
culture medium, duration of culture etc. Larger éivsions would result in a greater difficulty for
oxygen and nutrients to reach the cells locatethéncenter of the spheroid thus leading to the
formation of a necrotic central area (Walenta &1€1990). Consequently, the cell number and
culture time after spheroid formation should béically evaluated before beginning a study, and

spheroid size should be established to suit pdati@xperimental needs.

1.5. Gene expression
1.5.1. Introduction:

Hallmark of carcinogenesis is a combination of rhaithree factors- (a) decreased
genomic stability together with (b) specific genathanges in oncogenes and tumor suppressor
genes and (c) faulty DNA-repair mechanisms. Congpdre the cells culturedn vitro in
monolayer on a Petri dish, the cells in a tumoriarelose contact with the extracellular matrix.
Growing evidence is indicating that there is a ftiomal continuity between the extracellular
matrix, the cytoskeleton, hypoxia, nuclear matrikhwboth direct and indirect effects on gene
expression (Boudreau N et al 1995). Comparisoneokegexpression pattern in cells cultured in
monolayer and 3D spheroid can give some insightutabine effect of 3D tumor

microenvironment on gene expression profile.

1.5.2. Regulation of gene expression by 3D tumor@ritecture

Characteristics of cancer cells are traditionallgessed in a monolayer environment in
plastic culture dishes in the presence or absehe®aiing of ECM macromolecules (such as
collagen, fibronectin, hyaluronic acid etc). Cdllape can play critical role in gene expression
and controlling growth and cellular differentiatddnctions, via cytoskeleton modulation
(Folkman J et al 1975). In conventional monolaydtuce the cell shape is mainly governed by
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the affinity of the cells for the substratum, sedanorphology. So a perfect selection/choice of
substratum is needed in monolayer culture, to raaindifferentiated cellular functions for each
cell type. But in spheroid culture, no particul@ll shape is dictated/imposed on the cell. One
might postulate that cell shape in spheroid is hgagoverned by the intrinsic homotypic cell-cell
adhesive interactions, specific microenvironmentaiditions and by the nature of extracellular
matrix produced by the cell type. This 3D architeetof tumor cells, with a critical influence of
hypoxia, may dictate specific gene expression pattef potentially high functional relevance.
ECM produced by cancer cells in MCTS can regulateegexpression pattern and cellular
differentiation. In monolayer culture, different@t is not markedly observed, but in spheroids
often differentiation is induced. This differentat is reported to be intermediate between
monolayer and in vivo xenografts in nude mice (kohet R et al. 1990; Sutherland RM et al.
1986). Grover et al (Grover A et al. 1983) showeat twhen exogenous Laminin was deposited
on the outer side of the F9 spheroids in additemthe normal position of endogenous Laminin
below the first cell layers a lack of expressiordidferentiated functions was observed, possibly
due to asymmetric arrangement of cells. Endogehausnin plays a key role in organizing the
epithelial layer of endoderm cells and hence iradiyeaffects gene expression. It has also been
(Grover A et al. 1985) showed that in aggregate@@ryonal carcinoma cells fibronectin has a

role in aggregation whereas laminin is importarthia differentiation process.

The expression of specific sets of genes might bBesanodulated by hypoxia and cell
cluster architecture (Poland J. et al. 2002). 3ystestudies of modulation of gene expression
within the tumour microenvironment could help idgmhg potential new targets for rational
drug design. Knowles at al (Knowles H J et al. 206tLidied the gene expression pattern in
spheroids by differential display and validatelyitNorthern blot or semiquantitative RT-PCR.

Oloumi et al (Oloumi A. et al. 2002) studied gespression modulation in Chinese
hamster V79 cells by differential display technig@enes upregulated in the outer cell layer of
spheroids relative to monolayers included: (1) m(SIL00A4), a calcium binding protein
implicated in proliferation, metastasis, cell adbesand angiogenesis, (2) cytochrome ¢ oxidase
II, (3) B-ind1, a mediator of Rac-1 signaling, (BRAM, an endoplasmic reticulum protein.
Genes downregulated in spheroids were: (1) phosptergte kinase, (2) ARL-3, a ras-related
GTP binding protein, (3) MHC class Ill compleme#t dnd (4) 2,4-dienoyl-CoA.

Dangles et al (Dangles V et al. 2002) studied erilke of culture condition over gene

expression profiles which enabled them to sho@&key genes using three bladder cancer tissue
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specimens and their derived cell lines in singlié-sespensions, 2D monolayers and 3D
multicellular spheroids (having 10,000 cancer cpls spheroid) and showed how tinevitro

spheroid model may closely mimiak vivo phenotypes of tumours.

Timmins et al (Timmins NE et al. 2004) used micrags comprising 18,664 human
gene-specific oligonucleotides (Compugen) to shsbri2 genes which were differentially
expressed by more than 2-fold using monolayer gmereids (8 days old) of HCT116 colon
carcinoma cell line. Three of them might contribute the multicellular drug resistance
phenotype (S100A4, SKIP3, and p48). S100A4 wadddupregulated in MCTS compared to
monolayer. SKIP3 (down-regulated 2.4-fold in MCTS)an NFkB inducible gene, and a
negative feedback inhibitor of NEB dependent gene expression. kB-is known to confer
resistance to cytotoxic therapies via suppressfoapoptosis, and its transcriptional activity is
regulated by phosphorylation of the p65 subuni8 p#s up-regulated 4.4-fold in spheroid than
monolayer. Out of 42 shortlisted transcripts 13 emeolved in interferon response, 10 are
differentiation related, and 14 are differentiatggulated in tumours as compared to healthy
tissue.

1.5.3. Gene expression pattern in melanoma

Most melanomas arise within the epidermis (melanamaitu) and then invade the
basement membrane. These melanoma cells escapedmnol by keratinocytes through five
major mechanisms:

(1) downregulation of receptors important for conmication with keratinocytes such as
E-cadherin, P-cadherin, and desmoglein, which isiexed through growth factors such as
hepatocyte growth factor, platelet-derived growthctér, and endothelin-1 produced by
fibroblasts or keratinocytes.

(2) upregulation of receptors and signaling molesumportant for melanoma cell-cell
and melanoma cell-fibroblast interactions such asattherin, Mel-CAM (MCAM), and zonula
occludens protein-1 (ZO-1).

(3) deregulation of morphogens such as Notch recgpind their ligands.

(4) loss of anchorage to the basement membrandadae altered expression of cell-
matrix adhesion molecules.

(5) increased expression of metalloproteinases.
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The most frequent genetic aberrations in malignainoma are rearrangements in chromosome
1, in tumor suppressor genes. Chromosomal abndrasasiuch as duplication, deletion, mutation
of genes on chromosomes 6, 7, 9, 10, 11, 22 an@v¢ lalso been reported. Several groups
addressed gene expression profiles of melanomaioedlifferent clinical and physiological form
(Carr KM et al. 2003; Bittner M et al. 2000; Cld&EK et al. 2000; Hayward NK 2003).

Normal Benign to Radial Vertical Metastatic
melanocytes Displastic nevi growth phase growth phase melanoma

Epidermis

Basement

Dermis
Biological Decreased differentiation >
events Crosses basement Metastasis to lung, liver,
membrane rfi
[ I
BRAF mutation IL-8 1
P16, p53 | AP-2
Molecular ‘ E-cacjjr;‘erin !
N-cadherint i ;
events avB3 integrin 1
CREB 1 MMP-2 1
C-KIT | EGF-R 1
MITF | Survivin 1
MART-1, 9p100 l TRPM1 l
MCAM 1 |

Figure 5: Current model of melanoma outgrowth

Normal melanocytes are generally arranged indiigw the epidermal-dermal junction
or in small organized clusters of benign nevusmBry melanoma progresses by the steps
showed in Figure 5, including:

() Radial growth phase which is characterized by horizontal spreading t@nsformed
melanocytic cells within the epidermis and smaltaef invasive cells limited to the upper part
of dermis.
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(i) Vertical growth phase characterized by invasion of melanoma cells iht deeper dermis
and underlying subcutaneous tissue. Then melaneitsgafiom this phase metastasise to regional
lymph nodes or to distant organs.

Activating mutations in BRAF are very frequent irelanomas (detected in 59% of
melanoma cell lines and 6/9 melanoma specimens)iéBad et al 2002), indicating that BRAF
would be a legitimate target of experimental thgrajppmelanoma.

Another report shows that overexpression of Rh@@ember of Rho family of GTP-
hydrolyzing proteins, is important for tumorigerseesi melanoma and its metastases. (Clark EA
et al 2000)

Progression from radial growth phase to verticalgh phase is associated with loss of
E-cadherin and expression of N-cadherin. Expressibm,(; induces expression of matrix
metalloproteinase-2, an enzyme that degrades tfegen in basement membrane. In addition
ayB3 also stimulateshe motility of melanoma cells through reorganiaatof cytoskeleton and
increased expression of anti-apoptotic bcl-2 (Bletit E et al. 1999). There is no systematic
comparative study on melanoma using monolayercodiiire and spheroid culture system, which

may simulate progression from radial growth phaseettical growth phase.

1.6. Immune recognition
1.6.1. Introduction

The identification of a large series of tumor asstec antigens (TAA) (Renkvist N et al
2001) has generated high hopes regarding the pldgstb take advantage of the enormous
increase of knowledge stemming from basic immunplogsearch to favorably steer the
prognosis of neoplastic diseases by active antsgetific immunotherapy, i.e. by vaccination.
Promising clinical data have been reported in méimsls based on diverse immunization
procedures (Rosenberg SA 1998; Rosenberg SA @98 Nestle FO et al 1998; Thurner B et al
1999; Slingluff CL et al 2003; Bedrosian | et al03). A common finding in these clinical trials
irrespective of immunization procedures is thathalgh cytotoxic T lymphocyte (CTL)
responses specific for TAA can be relatively easiguced, clinical responses are only rarely
observed. Within that context MCTS model systemiatdne useful tool to simulate the effect of
tumor microenvironment /architecture on activatioh defense cells and to understand

mechanisms of immune escape (Ganss R et al 1968jdPa G et al 1990).
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The molecular mechanisms underlying the discrepdoetyveen immunological and
clinical responsiveness to active antigen spedifimunotherapy have been investigated by
several groups, but still there is poor understagd@ibout the effect of 3D tumor architecture to
the immune responsiveness. Experimental modelscatelithat tumor cells in suspension,
regardless of their numbers, are frequently unablgroduce life threatening cancer outgrowth,
as opposed to solid tumor fragments (OchsenbeiretA®d 2001), while being able to induce
specific immune responses. Radial growth of melan¢eg. few layers of neoplastic cells) has
traditionally been associated with good prognodibus, proliferation in structured three

dimensional architectures appears to represerd-eepuisite for cancer development.

1.6.2. Infiltration of MCTS by TAA specific T cells.

Tumor infiltration by T-lymphocytes, macrophagesyrmacytes was long thought to be a
hallmark of the immune response to the tumor (\owR 1863, Brocker EB et al. 1988). T cell
infiltration in primary melanoma was reported taretate with a better eight year survival rate
(Halpern AC et al 1997). Previous work on clinicaaterials suggests that detection of tumor
infiltrating lymphocytes is indeed associated witiproved prognosis in melanoma, but only in
cases where a “brisk” (Clemente CG et al. 1996;cAimi A et al. 1999) and not a merely
superficial infiltration can be observed. Interegly evenin vitro experiments, tumor infiltrating
lymphocytes of undefined antigenic specificity, able of killing autologous bladder tumor cells
cultured in 2D or in suspension, have been showsetanable of recognizing targets cultured in
3D (Dangles V et al. 2002). Similarly a CTL clongesific for a mutatedi-actinin-4 peptide
expressed by autologous lung cancer cells poodygmized targets growing in MCTS, possibly
due to a down-regulation of HSP70 expression (Desijlarie V et al. 2003). Furthermore Fas
ligand (FasL) gene was found to be expressed in-H&&nd CX-2 colorectal cancer cell lines
cultured as MCTS but not in 2D (Hauptmann et a@8)9Clearly these data suggest that antigen
recognition capacities and resulting functionahgéiieés of CTL might be significantly altered in
the presence of tumor cells growing in three dinwrad architectures.

In melanoma patients, T-lymphocytes specificT&A do appear to be immunologically
silent or anergic not only at the tumor site evelmew patients display a high frequency of
circulating, memory melanoma specific CTL (AnichiAi et al 1999), but also in systemic
circulation (Lee PP et al 1999). This is consistesth the discrepancies observed between

detectable tumor specific immune responses and d&akinical effectiveness represented by
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frequently observed in active specific immunothgra melanoma (Anichini A et al 2004).
Taken together, these data suggest that antigelgniion capacity and the resulting functional
activities of cytotoxic T-Lymphocytes might be siggantly altered in the presence of tumor
cells growing in multilayered architectures. Altlgbusignificant amount of work has been done
to characterize spatial distribution and infiltcati of tumor infiltrating lymphocytes using
spheroid models, our understanding of the cancBdyoephocyte interaction is still rather

limited.

1.6.3. Modulation of immunorecognition

Tumor antigens expressed in situ may be capabledoicing antitumor T cell immune
responses (Mortarini R et al. 2003). However, pagk from our group has underlined the lack
of expression of genes typically transcribed upd@RTtriggering of T cells in metastatic
melanoma biopsies infiltrated by CD8+ lymphocytgpressing activation markers, and capable,
following “ex vivo” culture, of recognizing TAA orautologous tumor cells (Luscher U et al.
1994). Tumor escape from CTL recognition has be#ibated to down-regulation of TAA or
HLA class | molecules expression resulting from sleéection of resistant variants in neoplastic
cell populations exposed to immunological pressH@yvever, this mechanism, whose “in vivo”
relevance is hotly debated, might indirectly supgbe concept of a clinical efficacy of CTL
induction, whose evidence is mostly missing (MavlacFM et al. 2003a; 2003b). On the other
hand, more recently, the discrepancy between immlucf TAA specific immune responses and

clinical responsiveness has also been attribut@itodefects.

1.6.4. CTL mediated immune response

When the complex of tumor antigen epitope boundtéC-1 is engaged by antigen-
specific T cell receptor, the cytotoxic T cell ircdis death of the target cells primarily by two
pathways, involving granule-mediated apoptosis @nigas/Fas-ligand interaction.

When CTLs are activated by recognition of specdittigen on a cell, they release
perforin and other lytic enzymes into the intenglalt space between lymphocyte and target cells.
Perforin undergoes a €ainduced conformational change, integrates intontleenbrane of the
target cell and forms a membrane pore. This alltves protease granzyme to enter into the
cancer cell and activate the apoptotic caspaseeqyoic cascade, and also allows other

molecules to cross the cell membrane and trigg@ots lysis of the membrane.
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The interaction of T-cell Fas ligand with the Fataptor in the target cell can also
activate the caspase cascade and other pathwaptsadvin apoptosis. The interaction of a CTL
with antigen-MHC | complex may induce them to pheate, threrby amplifying the immune
response against that specific antigen.

Lytic functions of CD8+ TILs have been found to #efective in vivo (Whiteside TL
1998). Typically freshly isolated TILs do not lysegnate tumor cells or MHC matched tumor
cells but this deficient lytic function is transterFollowing separation from tumor cells and
culture in vitro in presence of exogenous IL-2, turspecific killing can be detected (Rajoda S et
al 2001).

1.6.5. Accumulation of Lactic acid causing poor tumor infiltration by immunocompetent
cells

In previous studies it has been demonstrated ltdvatoxygen level and poor glucose
concentration may influence the metabolism andifirative characteristics of cells (Marx E et
al. 1988) and promote the development of necraires (Sutherland RM et al. 1986; Mueller-
Klieser W et al. 1986). Furthermore it has beermoreg (Marx E et al. 1988, Bourrat-Floeck B et
al. 1991) that production of lactic acid is substdly enhanced in spheroids as compared to
monolayer culture, similarly to in vivo tumor saregl In clinical tumor biopsies lactate has been
shown to accumulate up to a concentration of > B0 (Rauen et al 1969). Hypoxia in a tumor
can induce production of glycolytic enzymes andcgie transporter (LDH), which can lead to
enhanced glycolytic flux for energy production, siag accumulation of lactic acid. High lactate
level can correlate with metastasis and clinicatome (Walenta S et al 2000). So accumulation
of lactic acid can cause high extracellular aciditya tumor, preventing immune cells to infiltrate
inside the tumor (Walenta S et al 2004; Lardnei0OA1). Gottfried et al (Gottfried E et al 2006b)
showed that infiltration of monocytes in the melar@spheroids can be controlled by using
oxamic acid (as an inhibitor of LDH) to suppressi@yenous production of lactic acid. Thus
tumor-derived lactic acid may be considered an mgmd factor modulating the tumor

environment, critically contributing to tumor eseapechanisms.
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1.7. Research plan:

This thesis work has the following specific aims:

Specific aim 1:Development of a simple in vitro three dimensidoahor model

Specific aim 2: Characterization and validation of gene expresgmwofiles differentially

detectable in melanoma cell lines cultured in séatianonolayer conditions and as MCTS.

Specific aim 3: Evaluation of the TAA recognition ability by HLA &ss | restricted TAA
specific CTL.

Specific aim 4: Evaluation of factors affecting immunorecognitiomnem melanoma cells are
growing in MCTS
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Chapter 2

Materials
&
methods

MakKing the simple complicated is commonplace;
making the complicated simple, awesomely simple, that's creativity
Charles Mingus (1922-1979)

Creativity is inventing, experimenting, growing, taking risks,
breaking rules, making mistakes and having fun.
Mary Lou Cook (1918-)

HBL spheroid repelled Human microvascular endo#heklls, whereas NA8 spheroids attracted
HMECs. T-cadherin was over-expressed 400 timesdeyovirus-mediated gene transfer in
HMECs. To determine effects of T-cad upregulatien e on behavior of endothelial cells, either
HMECs with overexpressed T-cad or control (Lac£&atéd) was cocultured with NA8 spheroids. T-
cad overexpressed HMECs massively infiltrated withie spheroids and proliferated.
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2. Materials & methods:
2.1. Cells used

2.1.1.Melanoma cells

NAS8 (courtesy of Dr. Jotereau, Nantes, France), BH D10 cell lines (courtesy of Dr.
A. Eberle, Basel, Switzerland) derive from metastatelanoma and have widely been used in
tumor immunology studies in the recent past (O&tbt al 2002; Zazac P et al 2003). They are
all HLA-A*0201+. However, while HBL and D10 expreggpical melanoma differentiation
TAA, NAS8 does not.

Cell lines were routinely passaged in conventio2&) cultures in RPMI 1640
supplemented with 10mM HEPES buffer, 1mM sodiumuggste, 2mM non-essential amino-
acids, 2mM glutamine, 100g/ml Kanamycin (Invitrogen, Carlsbad, California)dal0% heat-

inactivated FCS, thereafter referred to as compretdium.

2.1.2. CTL clones

T lymphocyte clones of defined specificity, mostgcognizing HLA-A0201 restricted epitopes
from melanoma differentiation antigens gpi§dQss Melan-A/MART-1,7.35 were generated from
PBMC of patients undergoing specific vaccinatioogadures and are thus endowed with high
functional avidity and capacity to kill target celendogenously producing the relevant TAA
(Ghosh S et al, 2005b). Briefly, cells from bulktates showing evidence of antigen specific
cytotoxic activity, as detectable BYCr release assays, were cloned in 60 well Tergdakes
(Nunc, Glostrup, Denmark) at 0.3 cells per well2d ul volumes in the presence of 10,000
irradiated allogenic PBMC/well, in RPMI 1640 supplented with 10mM HEPES buffer, 1mM
sodium pyruvate, 2mM non-essential amino-acids, 2mlMtamine, 100ug/ml Kanamycin
(Invitrogen, Carlsbad, California) and 5% poolednian serum (RPMI-HS), to which rIL-2 (200
units/ml) and purified phytohemagglutinin (PHA, @§/ml, Remel, Dartford, UK) were added.
After 14 days, wells where cell growth was micrgscally detectable were expanded in RPMI-
HS supplemented with 100 units/ml rlL-2 and screlefoe antigen specific cytotoxic activity by
*ICr realease assay. CTL clones were maintained MIRfS supplemented with 100 units/ml
riL-2 and restimulated periodically with PHA in tipeesence of irradiated allogenic PBMC. All

assays reported here were performed at least ogle after re-stimulation.
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2.2. Preparation of spheroids

2.2.1. Stirred culture: Rotary cell culture bioreactor system (RCCS, Sgotim, USA) spins a
fluid medium filled with cells to neutralize most gravity's effects and encourage cells to
aggregate in suspension without being touched lyyaatificial surface. The RWV bioreactor
consisted of a 40 ml culture vessel, a medium Hlegysystem, provided with a bubble trap, an
external oxygenator, and a peristaltic pump. Theliome was re-circulated at 0.6 ml/min. The
angular velocity range of the vessel was 30-50 rpm.

2.2.2. Hanging drop method:20—-30uL of cell suspension was dispensed into the wélks @0-
well micro-titer Terasaki plate. 150-500 melanonelsc (NA8, HBL, D10) per well were
cultured in Terasaki plates for 7-10 days.

2.2.3. Alginate gel encapsulationMelanoma cell suspension was mixed at room tenyrera
with a sterile sodium alginate solution (1.5-2%heTmixture was extruded dropwise through a
microsyringe needle into a Calcium Chloride solat{@00 mM). This resulted in formation of
gel beads of 1.5-2.5 mm in diameter, which was é@ed for 15 minutes in a sterile CaCl
solution.

2.2.4. Agarose or PolyHEMA coated dish:

96 well plates were coated with 2(00of 2% agarose gel and after few minutes they weacked
out to leave a thin layer of agarose coating atbibttom. Plates were dried for 3-4 hours before
cell seeding.

PolyHEMA crystals (600 mg) were dissolved in 596P6 EtOH by rotating over night at 37°C.
This stock solution was diluted by adding 7 ml 6#®EtOH. Plates were coated with @0well

/96 well plate (0.1 ml /cm?) and then dried ovemmigt room temp in a sterile environment.

Plates could be stored indefinitely prior to use.

2.2.5.Histological procedures and Morphological evaluatia.

H&E staining: Spheroid samples were fixed in 4% formalin, emieeldéh paraffin, and
dissected (fum thick). Sections were stained with Hematoxylim &vosin (H&E) according to
standard protocol.

BrdU staining: Samples were incubated with BrdU (10 mM) for 1fbhowed by histological
procedure. The paraffin-embedded tissue sectioms e@mpletely dewaxed and rehydrated with
PBS followed by microwave antigen retrieval. Théerathey were incubated in 0.3%®% in

methanol for 10 min to inhibit endogenous peroxedastivity and rinsed in PBS. After blocking
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with serum at room temperature, the sections wasebated with primary anti-BrdU antibody
(Sigma, St. Louis, MO) overnight at 4°C in a hurfieti chamber followed by washing in PBS.
The negative control sample was incubated with PBf&r being incubated with secondary
antibody biotin-conjugated rabbit anti-mouse IgGgns, St. Louis, MO) for 1 hr at room
temperature and washed in PBS, the sections weubated with HRP-linked streptavidin at
room temperature for 1 hr and washed with PBS. Sé¢wtions were developed with DAB and

examined under a light microscope.

2.2.6. Proliferation

Cell proliferation was measured by the AlamarBlue&duction assay (Serotec, Oxford, UK)
spectrophotometrically. The internal environmenttad proliferating cell is more reduced than
that of non-proliferating cells. Specifically, theatios of NADPH/NADP, FADH/FAD,
FMNH/FMN, and NADH/NAD, increase during proliferati. AlamarBlue can be reduced by
these metabolic intermediates. Hence cell prolifema can be monitored as reduction is
accompanied by a measurable shift in color (blugin&).

Proliferation capacity of CTLs was investigated ksing lymphocyte tracking dye
carboxyfluorescein diacetate succinimidyl ester GBFSE) (Lyons AB et al 1994; Parish CR
1999). CFDA diffuse into a living cell and de-adatg and then concentrate. The two acetate
side chains make the molecule highly membrane pemtmeéHowever, once inside cells, the
acetate groups are removed by intracellular esteraad the resultant carboxyfluorescein exits
from cells at a much slower rate. The slow exi i@so provides ample time for the CFDA-SE to

covalently couple to intracellular molecules. Canglis via the succinimidyl moiety, which
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Figure 6: Mechanism of fluorescently labelling efls by CFDA-SE
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reacts with intracellular amine groups, formingighly stable amide bond. Proliferation rate of
the cells was calculated by the progressive halainye fluorescence intensity of the dye in cells

after each cell division.

2.3.Modulation of Gene profiling

Cells were harvested by trypsinization and totalAR&ktracted using Qiagen RNeasy®
Mini Kit (Qiagen, Basel, Switzerland) following spiers instruction. Its integrity was monitored
by using Agilent 2100 Bioanalyzer (Ambion, AustiiX)l Ten ug RNA from each sample was
reverse transcribed and labeled by utilizing conumérkits according to the suppliers
instructions (MEGAscript T7, Ambion, Austin TX; Bibl-CTP and Bio-16-UTP, Enzo
Biochem, NY). Biotinylated cRNA was then be fragrteehby treatment at 94°C for 35 minutes
in 40 mM TRIS-acetate, pH 8.1, 100 mM potassiuntaeeand 30 mM magnesium acetate and
hybridized to oligonucleotide arrays.

Two hybridizations were performed for each sampieler investigation. Raw data
collected using a confocal laser scanner were aedlysing commercial software (Gene Spring
Version 7.2, Silicon Genetics, Redwood City, CAlthwiwo separate data readings for each
hybridization, as previously described (Padovart B.e2002; Ghosh S et al. 2005a; Ghosh S et
al., 2005b).

One way ANOVA tests were performed for gene ligtered on fold change in the log-
of-ratio mode of experimental interpretation (Ge8pring 7.2 software, Silicon Genetics,
Redwood City, CA). Duplicates of each experimegtalup were compared and the parametric
Welch t test was used with a cut-off p value of50.Dhe false positive rate of finding a gene is
associated with the standard p value. A signifigaaalue in 1-way ANOVA test would indicate
that a gene is differentially expressed in at least of the groups analysed. Genes displayig

fold up or down-regulations between 2D and 3D celtonditions were specifically considered.

2.4. Cellular immunology studies
2.4.1. IFN+ detection by ELISA

IFN-y production was used as antigen recognition asgeg/sarget/stimulator cells, we
used melanoma cells cultured in 2D or as MCTS. CHpecific for Melan-A/MART-1 or
gpl100, used as effectors, were co-cultured witetacells at different E:T ratio for 24 hours.

Supernatants were collected and HrMecretion was measured by using human }FBBD
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OptEIA™ ELISA Set (BD Biosciences, Franklin Lakdd)). All samples were measured in

triplicates.

2.4.2. Chemotaxis assay

Migration assays were performed by using CSs@4-transwell chemotaxis chambers
(Corning Costar Corporation, Cambridge, MA) withus and 3pm pore size polycarbonate
filters, for immature DC (iDC) and CD8+ T cellsspectively. In brief, 60@l of supernatant of
NAS8 cells cultured in 2D or 3D, or as a negativatool, complete medium, were placed in the
lower wells. CD8+ peripheral blood T cells were iped by using magnetic beads (Miltenyi
Biotech, Bergish Gladbach, Germany), whereas iD€&@wweepared by culturing peripheral blood
monocytes in the presence of IL-4 and GM-CSF, asipusly detailed (Remmel E et al. 2001).
Upper wells of chemotactic chambers were loadeld W0l cell suspension of iDC or CD8+ T
cells at a concentration of 1 x®®l. Each condition was set up in duplicate. Platese kept at
37°C for 20 hours. Cells suspensions from the updis and cells migrated to the lower wells
through the filters were then collected, stainedhwspecific mAbs and counted by flow
cytometry for a fixed defined time. Chemotacticardvas determined by dividing the number of
cells migrated in the experimental condition by thenber of cells migrated in the negative

control cultures (medium only).

2.4.3. Immunofluorescence analysis

NAS8 or HBL cells were stained with PKH26 red fluscent cell linker (Sigma, Sigma-
aldrich Co., St. Louis, MO) following suppliers tnsctions, and cultured on polyHEMA coated
plate for 3 days to form 30,000 cells MCTS. Tot&1& T cells from an healthy donor and CTL
clone specific for HLA-A0201 restricted Melan-A/MARL,7.35 epitope were stained with CFSE
(molecular Probes, Eugene, OR). Cytotoxic celld (Eatio = 5:1) were added on each MCTS
and co-cultured for 1 day. Confocal images for évaluation of total CD8+ T cells or CTL
infiltration in NA8 and HBL MCTS respectively, wegbtained using a laser-scanning confocal
microscope Zeiss LSM510 (Carl Zeiss Microlmaging. INY).

Immunoflourescence labeling of permeabilized amedicells was done by incubating
them for 30 minutes at room temperature and miniexplosure to light. Actin filaments were
directly labelled with 488-Alexa phalloidin (Invd@gen, diluted 1: 400 in MHB). Vimentin

intermediate filaments were also directly labellgith a monoclonal antibody (Mab) anti-vim
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Cy3 (Sigma, diluted 1:900 in MHB). Labelled samptesslides were then washed with MHB
and embedded in Mowiol 4-88 (Hoechst) containingb(% of n-propyl-gallate as an anti-
bleaching agent. Mounted slides were left dry fdrlits at room temperature in dark until

viewed.

2.4.4. Flow cytometry analysis

NAS8 cells cultured in 2D were collected by trypgation after day 3. Accordingly, MCTS
obtained after 3 days of culture on polyHEMA trelpasticware were centrifuged and pellets
were disrupted by Trypsin-EDTA (Gibco, Paisley, &r8ritain) treatment for 10 min at 9.
Cellular phenotypes were evaluated by surface istpinsing fluorochrome conjugated mouse
monoclonal antibodies recognizing the indicatededeinants. Samples were analyzed on a
FACS Calibur (Becton Dickinson, San Jose, CA) ugngpidium iodide (PI) to exclude dead
cells.

In particular HLA expression was verified using iahbA-A0201 or anti-HLA-A, B, C
FITC-conjugated mAb (PharMingen, San Diego, CA).LHHB10 or NA8 cells cultured in 2D
were collected using Trypsin-EDTA (Invitrogen, Gdohd, CA) after 3 days -culture.
Accordingly, MCTS obtained after 3 days culture,revelisrupted by 5 min trypsinisation at
37°C. Phenotypes were evaluated by staining widtifip or control mAbs, incubated 45 min at
4°C in the dark, washed twice in cold PBS, fixeahih in Paraformaldehyde 1%, re-suspended in
200ul PBS, and analyzed on a FACSCalibur® cytometeci{@eDickinson, NJ).

Melan-A/MART-1 expression was evaluated by intllatar staining after
permeabilization using BD Cytofix/Cytoperm™ kit (BBiosciences, San Jose, CA), following
supplier's protocol. Staining was performed usirgy mimary antibody a specific Melan-A/
MART-1 mAbs (Novocastra, Newcastle upon Tyne, UKy as secondary antibody a FITC-
conjugated goat anti-mouse Ig (Southern BiotechmBigham, AL).

2.4.5. Quantification of gene expression by quanstive Real-Time PCR

Cells were collected at the indicated time pointd avashed in PBS. Surgical samples
from metastatic melanoma patients were disruptetheomogenized by sonication. Total RNA
were extracted using the RNe&sMini Kit protocol (Qiagen, Basel, Switzerland)eated by
Deoxyribonuclease | (DNase 1) (Invitrogen, Carlsb&alifornia), and reverse transcribed by
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using the Moloney Murine Leukemia Virus Reversenba@iptase (M-MLV RT, Invitrogen,
Carlsbad, California). Quantitative real-time PCRre&v performed in the ABI prism™ 7700
sequence detection system, using the TafMdniversal PCR Master Mix, No AmpErdse
UNG (both from Applied Biosystems, Forster City, ®uantification of gene expression was
calculated by using the"2°™ method (Livak KJ et al 2001; Winer J et al 199®rmalization of
gene expression was performed using GAPDH as refergene and data were expressed as ratio

to reference samples.

Primers and probes

Oncostatin M (OSM), IRF-1 and MITF primers and mslare from pre-developed assays
(Assays-on-Demand, Gene Expression Products (AppB&systems, Foster City, CA)).
Oligonucleotide primers and probes for c-myc, Me#ddMART-1, gp100 and tyrosinase were
generated using appropriate software (Primer ExpresApplied Biosystems, Foster City, CA)
from sequences obtained from the NCBI gene bank.

2.4.6. Lactic acid measurement from tumor supernatat

Glucose and lactate concentrations were assessed bymobilized enzyme biosensor
(YSI 2300 STAT Glucose analyzer, Kreienbaum, Gewyhalelanoma cells were cultured in
spheroids or monolayers in different oxygen envment for 3 days. Then lactate and glucose

content were measured from the supernatant.
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Chapter 3

Results
&
Discussion

I am among those who think that science has great beauty.
A scientist in his laboratory is not only a technician;

he is also a child placed before natural phenomena

which impress him like a fairy tale.

Marie Curie (1867 - 1934)

Scanning Electron microscopic view of HBL cellheit as monolayer or spheroid, after 24 hours
of coculture with TAA-specific CTL clones. Monolayeells seemed to have perforated and
disrupted surface morphology, whereas spheroidsataiaed their three dimensional structure.
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3. Results and discussion

3.1. Spheroid Cultivation Techniques

3.1.1. Rotating wall vessel bioreactor:

NA8 Melanoma cell suspension was cultured in RWYrBactor (Synthecon) for 7-
10 days with 60-80 rpm of cylinder speed. Aggremativas random and the resulting
spheroids were of various sizes. There was ab$platecontrol over size of the spheroids.

Single cells, small aggregates or debris were fighdsent in the vessel.

3.1.2. Hanging drop method
150-500 melanoma cells (NA8, HBL, D10) per well eeultured in Terasaki plates for 7-10
days. In some cases initially several multicellgjpheroids formed in each well and after 1 or

2 days they were merged to form a single sphergigégyate per well. Out of the three cell

Figure 7: (A) NA8 spheroid in DMEM 10% FCS, (B) kdeng of NA8 spheroids, (C) D10
aggregate in DMEM 10% FCS, (D) D10 aggregat®MEM 20% FCS

lines tested NA8 formed only round spheroids, waerelBL and D10 formed irregularly
shaped aggregates in media containing 10% FCS. Wowehen they were cultured in 20%
FCS containing media, aggregates were much firfigute 7 C, D).
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Notably as the volume of the media is very low {20uL) only spheroids having
100-500 cells can be generated by this technigherefore they might not create typical
hypoxic environment needed to produce a typicalotumicroenvironment modulating gene
expression or impairing immunorecognition. The mispheroids were so delicate that it was
difficult to transfer them in 96 well plate from fesaki plates.

3.1.3. Gel encapsulation method:

Melanoma cell suspension was mixed at room temperawith a sterile sodium alginate

solution. The mixture was extruded dropwise throagmicrosyringe needle into a Calcium
Chloride solution (200 mM). This resulted in fornoat of gel beads, which were hardened for
15 minutes in a sterile CagCs$olution. With careful optimization of Cag¥olution stirring

speed large numbers of spheroids were formed lyadégencapsulation.

Figure 8: melanoma cell aggregates encapsulatéihvatginate beads

On the other hand, several aggregates were forntachvene alginate bead, without
the possibility of controlling the size or cell nber (Figure 8). Furthermore some cell
aggregates started to come out of the alginate.de@dA treatment and pipetting could

disrupt spheroids and alginate capsule formed niigive acted as a permeability barrier.
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Importantly, although no specific interactions bedémw mammalian cells and alginate are

known, they cannot be completely discounted.

3.1.4. Static cultivation technique on non-adhesiveurface :

Melanoma cells were cultured on agarose coatededieplate. Morphology of the aggregates
and cell viability were checked at regular intenasll the cell lines in culture formed only
irregularly shaped aggregates, with poor adhedreagth.

Figure 9: Irregularly shaped aggregates formed agarose-coated dish

A dramatic improvement of cell-cell adhesion waseled when cells were cultured
on PolyHEMA coated dish. NA8 cells formed perfeattyund shaped spheroids (Figure 10).
Although HBL and D10 cells also formed round shagglderoids, their level of adhesion was
slightly inferior to that of NA8 cells. Cell viality (assessed by trypan blue dye exclusion
assay) decreased from 94% If @ay of culture on PolyHEMA coated dish, to 70%2Inday
old spheroid, which was supported by flowcytometrydies.
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Figure 10:Multicellular spheroids formed on PolyHEMA coated 96 well plates:
(A) NAS, (B) HBL

3.1.5. Effect of culture media

Consideration must be given to the growth mediuedus particular, the influence of
serum should not be overlooked. Chun (Chun MH 2d00nhd that expired/aged human
serum, deficient in plasminogen activator inhihitogsulted in the formation of anchorage
independent MCTS from monolayer cultures of BT2@0nha breast cancer cells, and that
addition of fresh serum reverted the culture baxkmbnolayer growth. Furthermore, it is
known thatvarious human breast and colon cancer cells forntigallular spheroids in
response to the serum signaling factors, plasmith,Gnterferony ( Kanai T. et al. 1993),
IGF-Il and heregulifl (Tan M et al. 1999). But the exact signalling heaasms by which
these factors can induce formation of multicellipheroids is not yet fully understood. Kelm
et al. (Kelm et al. 2003) found that increasinguseiconcentration improved aggregation and
MCTS forming capacity in hanging drop cultures efaral melanoma derived cells lines. In
accordance with their findings, we have also obe@rthat the use of higher % of FCS
resulted in firmer aggregates and culture in DMEddd medium, rather than RPMI-1640
medium, resulted in enhanced aggregation, posdimyto increased calcium levels.

After reviewing all these techniques of spheroidnfation, we finally decided to
continue our work with MCTS formed over PolyHEMAated dish, because by using this
technique we could prepare round and compact splsehaving highly homogeneous size
distribution within a very short time period, hagihighest viability of cells, as compared to
other methods of spheroid formation. By this methwd could generate large numbers of
spheroids having uniform characteristics with miainhandling, as compared to other
techniques.
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3.2. MCTS Characterization

3.2.1. Proliferation of melanoma cells

AlamarBlue proliferation curves revealed that deshtion in 2D cultures of NA8 and
HBL cells typically reached a plateau within 7-8yglawhereas no apparent increase in cell
proliferation was detectable in MCTS for the fitato weeks of culture, but could only be
observed at later time points (Figure 11), a patfeequently observed previously in 3D
culture models.
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Figure 11: AlamarBlue proliferation curves of (AAR and (B) HBL cells cultured in

monolayer and as spheroid

Cells in conventional monolayer cultures grow exgurally. Spheroids display the
typical biphasic growth pattern of solid tumorsvimo (an early exponential phase followed
by a period of retarded growth) (McCredie JA etl#l65) In general, three distinct growth
phases have been described in tumor spheroidsfirfh@hase is the exponential growth of

the cells with little modification in cell cycle stribution as compared to monolayer culture,
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until the spheroids reach a diameter of 20-460depending on cell lines. Then the average
cell cycle distribution within the spheroids begtoeschange, resulting in an accumulation of
Gs-like cell at the centre and a sequestration ofpttediferating cells at the periphery until a
plateau is reached (Freyer JP et al. 1980; Carl3sk8v7). The first phase is independent of
external factors while the second depends on #eeddithe tumor spheroid and the nutritional
restrictions imposed to cells located in the spideiaterior. This leads to progressive
reduction of growth fraction (Durand RE 1976; DutaRE 1990 and then another growth
phase by linear expansion of diameter with timee ©hservation that final spheroid volume
increases slightly with inoculation density suggefitat growth after 10-15 days may be
hampered by a decay in conditions, such as spamianelegradation of glutamine,
photodegradation of some vitamins and amino aeictsymulation of waste products.

In order to demonstrate the strong similarity tbaists betweemn vivo solid tumor
growth and growth of multicellular spheroids, vassomathematical models have been
applied which can account for the three succegsiases (geometric, linear and plateau). The
exponential-Gompertzian tumor growth model has begplied to several tumor cell lines
grown in monolayer and to multicellular spheroidsveell as to in vivo tumors. Monolayer
cultures do not adequately fit this mathematicaldetowhile both in vivo tumors and
spheroids fit the model quite well and strongly ereble each other in their growth
characteristics. The geometric phase correspondsatly aggregation and proliferation of
small spheroids, while the linear and plateau phaspresent the development of a
nonproliferative inner region and the formationaohecrotic core in spheroids, respectively.
Importantly cells within the same tumor mass can imduenced by different
microenvironments. Khaitan et al (Khaitan D et @@) compared cell cycle distribution of
exponentially growing monolayer and spheroids #fedint time point (7-28 days). They
observed that in spheroids grown on agarose-caditdy proportion of Gphase cells was
higher (approximately 60%) in spheroids as compaoedxponentially growing monolayer
cells (approximately 48%).

3.2.2. Morphological characterisations of MCTS

We observed that there was no major change in dé&noé spheroids during 10-15
days of culture, but Hematoxylin & eosin stainifgpwed that NA8 spheroids of 30000 cells
formed necrotic cores within MCTS upon prolongediwre (>10 days), soon resulting in
hollow center, with large, compact cells typicallgtectable in the periphery. HBL and D10

spheroids having 30000 cells also formed necraies; but less prominent as compared with
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NAS8 cells (Figure 12). Small spheroids of NA8 (50000 cells) could not form necrotic core
even after 15 days of culture. This suggests that,small spheroid model system might not

be able to simulate typical hypoxic tumor microgamment.

NAS HBL

Figure 12: Hematoxylin and Eosin staining of paraembedled sections ¢
spheroids, showing NA8 and HBL spheroids formedeeratic core after 10-12
days of culture on a PolyHEMA coated 96 well plate

Necrosis and slow proliferation rate in the sphetsyistem might be due to lack of sufficient
nutrients and metabolites. For some spheroid typash as WiDr human colon
adenocarcinoma and tumourigenic Ratl-T1 rat embbyoblasts emergence of necrosis and
hypoxia during growth has been documented withthinekness of viable cell rim reflecting
oxygen availability (Monz B et al 1996). Role ofygen gradient has also been studied
(Franko AJ et al 1979a; 1979b). Oxygen diffusiothw spheroids has been first theoretically
calculated (Burton AC 1966). Spherical symmetrytled spheroid is very critical for such
calculation. Several research groups have meas@edension (pQ@) distributions in
spheroids with oxygen-sensitive microelectrodesrl@San J et al 1979; Mueller-Klieser W
1984; Mueller-Klieser WF et al 1984). Those measaets showed that p@alues may vary
considerably depending on different cell linestunid methods and detection techniques used
(Walenta S et al 2001). Mathematical modellingsGxpebe et al (Groebe K et al 1996)
indicated that no single limiting factor (such axygen deficiency) can account for the

development of necrosis.
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Figure 13: Difference of morphology of cells frgrariphery and central part of the paraffin
embedded H&E stained NA8 spheroids

To verify if all cells in a spheroid have equal Iffeyative capacity, staining with 5-
bromo-2-deoxy-uridine (BrdU) incorporation in DNA sing a peroxidase-based

immunohistochemical assay was performed. BrdU istgi(Figure 14) (Ghosh S et al 2005a)

Figure 14: BrdU staining of NA8 spheroid showed theripheral cells are mainly in
proliferating stage, whereas inner cells are masthyuiescent stage
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indicated that the cells located in the center @ are alive but mostly in quiescent state,
whereas cells in outer layers are actively cyclimpch strongly reminded the historical
reports of Thomlinson et al (Thomlinson RH et ab3pPwho showed that in tumor biopsies
only the cells in periphery were in proliferatingge. Later Sutherland (Sutherland RM 1988)
reported that most of the proliferating cells irhemids are located within outer 3-5 cell
layers (75um). Quiescent cells represent the major populatiotells in a spheroid and they
are reproducibly viable when removed from this emrvinent (LUKCK et al1985; LuUkCK et

al. 1986). Some investigators used autoradiograpiey ptilse labeling witfiH-thymidine to
confirm this by showing a large fraction of S-phas#s in the outer few cell layers compared
to the cells located in central part of the spragoinner cells remain unlabeled in a period of
several cell cycles, indicating that they are ngtling through S-phase (Yuhas JM et al
1978).

Typical morphology of MCTS (i.e. presence of praldting cells at periphery, viable
but quiescent cells at intermediate and necrotie)as a multifactorial event resulting by lack
of oxygen and/or nutrients, accumulation of wastedpcts, and low pH as proposed by
Acker and coworkers (Acker H et al. 1987; Carlsdoet al. 1988). Mueller-Klieser and his
coworkers showed (Bredel-Geissler A et al 1992;t3aduHF et al 1995; Walenta S et al
1990; Freyer JP et al 1991) in EMT-6 mouse mamroarginoma spheroids, on steady-state
levels of glucose, lactate and energy-rich phogshdhat cells in the inner spheroid regions
may adapt their metabolism to environmental stbgs®ducing their metabolic turnover rates
to maintain intracellular homeostasis until sholibfore cell death; thus, critical reduction in
ATP and intracellular pH can be excluded as a nmsha for cell quiescence and cell
destruction by necrosis (Walenta S et al 1990)atsr stages of disease progression some of

these quiescent cells may act as stem cells tecagsowth of tumor (Sutherland RM 1988).
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3.3. Gene expression

Prompted by previous small scale gene expressiofilerstudies on MCTS, we
(Ghosh S et al, 2005a) addressed large scale gefieng in melanoma cells cultured in
standard 2D conditions, with or without extracellumatrix and as 3D MCTS, by taking
advantage of high density oligonucleotide arraysr KA8 cells we used Affymetrics
genechip Human Genome-U133A allowing the analybisver 20,000 expressed genes. For
HBL cells we used Affymetrics gene chip Human Geaddi33 Plus 2.0 (which includes all
of the probe sets of HG-U133A and HG-U133B arrays more than 10,000 additional probe

sets), allowing analysis of more than 54,000 trapt

As the model extracellular matrix we chose collafrNA8 since NA8 cells express
both a1 andayp; integrin receptors for collagen and fibronectin BL since HBL cells
expressusfs andasfy integrin receptors for fibronectin. We studied gexxpression profile

using 3 days old spheroids, which had not formexiatie cores yet.

Our data provide a first large scale database stxtuon structure-related gene
expression pattern in tumor cells. Most importantlyey show that the architecture of
melanoma cells, possibly due to the inherent hopiotyell-cell interaction or specific tumor
microenvironmental conditions, may determine specijene expression patterns of

potentially high functional relevance.

In the case of NA8 cells, over 11000 genes weradaw be expressed in all three
conditions (monolayer, monolayer over collagen iogat spheroid). Cells cultured in
monolayers, irrespective of the presence of collagdracellular matrix, showed remarkably
similar gene expression patterns, with statistycsigjnificant differences being limited to five
genes. In particular, a downregulation (5 foldHsfp 40 encoding gene was observed in cells
cultured in the presence of collagen. In contreadts cultured in MCTS displayed significant
modulation in the expression of a number of gengescampared to their monolayer
counterparts. 106 genes showed evidence of upteguland 73 of downregulation.
Importantly, significant upregulation of the exp®Es of genes whose products are known to
play a critical role in melanoma progression andtastatic process was observed. In
particular, a significant upregulation of the e)gmien of genes encoding chemokines,
including CXCL1, CXCL2, and CXCL3, (GR@; § and y, 10 fold, 15 fold and 6 fold,
respectively), IL-8 (67 fold), CCL20 (75 fold), ILA (3 fold), IL-1B (4 fold) were detectable
in MCTS, as compared to cells cultured in 2D. Theression of genes encoding pro-
angiogenic factors or adhesion molecules, suchng®poietin-like 4 (34 fold) or hypoxia
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inducible protein 2 (HIG2, 7 fold) and CD54 (ICAMB,5 fold) was also found to be
significantly upregulated in MCTS in comparison lwitells growing in monolayers.
Expression of the gene encoding fibroblast growdlstdr-2 (FGF2) was found to be
significantly downregulated (6.8 fold).
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Figure 15: Gene expression profile for NA8 cellfued as monolayer (with or without
ECM) and as spheroid

Strikingly, culture in MCTS appears to result ire thpregulation of a constellation of
genes whose expression has previously been showortelate with high malignancy.
CXCL1 (melanoma growth stimulatory activity) is atent growth factor for melanoma cells,
with only limited proliferative activity towards mmal melanocytes. IL-8 plays an important

role in melanoma progression. Leslie et al (Le8li€ et al 2005) studied gene expression
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associated withransition from Radial growth phase (RGP) to Vettigrowth phase (VGP). In

their study the mostly overexpressed gene wasrthamgiogenic factor IL-8.

In case of HBL cells, our study revealed that aeltin 3D spheroid architecture had a
relatively modest overall impact on gene expressioHBL cells, whereas a wider range of
gene expression pattern was observed when celks eudtured over fibronectin coated dish
(Figure 17). However we observed only a slightlgh@r rate of proliferation in monolayer

cells cultured over fibronectin coating, as comgarestandard monolayers (Figure 16).
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Figure 16: AlamarBlue proliferation curves of HBells cultured in standard monolayer,

monolayer over fibronectin coating and in MCTS.

Beside a number of expressed sequences encodiregsaried gene products, 47
genes only were significantly modulated more thaiol8, with down-regulation of 18 and
up-regulation of 29 in 3D as compared with 2D ausu

176 transcripts were upregulated more than 2 fohdl &9 transcripts were
downregulated more than 2 fold in spheroids conmgp#wemonolayer cultures. The gene list
for upregulation in spheroids included genes emapdnolecules involved in intercellular
adhesion such as junctional adhesion molecule 2MRJA>22-fold up-regulated), tight
junction protein 4 (peripheral) (5.4 fold up-regeld and cadherin-like 1 (>8-fold up-
regulated). Transcript encoding Podoplanin wasf@d upregulated (Wicki A et al 2006),
while interferon gamma receptor-1 was downregulade@l fold in MCTS compared to

monolayer cells.
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Figure 17: Gene expression profile for HBL celldtuted as monolayer (with or
without ECM) and as spheroid

3.3.1. Validation of differential gene expression

Large scale gene expression databases requiratiaficht the gene and protein level.
We have validated expression pattern of some istiege genes or gene products by Real-
time, quantitative RT-PCR or ELISA (Ghosh S et @2b). These data strongly support the
integrity of the gene profiling methods adoptedhiese studies.

Two genes whose products, CXCL1 (GRand IL-8, have been shown to play a

reicvant role in melarioma progressicn and metagpaticess were found to be significantly
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upregulated in cells cultured in NA8 MCTS as oppmbo$e monolayers NA8. Real-time,
guantitative RT-PCR confirmed the upregulation CGL1 (GRO-) gene expression in cells
sampled after 3-day culture in MCTS, as compareth wells growing in monolayers. We
were then interested in investigating whether tpeegulation of CXCL1 gene reflected
transient events, merely related to MCTS formatormore durable modifications of NA8
gene expression profile. Indeed, CXCL1 gene upetmud, although declining, was still
observed at 10 days after the initiation of cukur&ccordingly, secretion of this chemokine
was significantly increased in cells cultured in W& as compared to their monolayer

cultured counterparts at both 3 and 10 days otiilfFigure 22).

CXCL1 gene expression CXCL1 gene expression
3D day3 3Dday10 |
2Dday3 2Dday10 F
0 io 20 50 LlO ‘50 60 0 5 10 15 20 25 30 35
fold increase as compared to the reference sample fold increase compared to the reference sa
CXCL1 protein secretion CXCL1 protein secretion
3D day3 | 3Dday10 |
20 day3 F 2Dday10F
T T ' T
0 200 400 600 800 1000 1200 0 1000 2000 3000 4000 500(
pg/ml pg/ml

Figure 22: Chemokine CXCL1 gene expression ancepraiecretion in NA8 cells cultured in
monolayers and MCTS at two different time points

Similarly, increased IL-8 gene expression, as detedy oligonucleotide array
hybridization of cRNA from 3 days MCTS in compaurst 2D cultures, could be confirmed
by real-time RT-PCR at day 3 and, to a lower extahtlO days. Accordingly, significant
increases in protein secretion were also obserkaie 23). Most conspicuously, massive
IL-8 secretion, exceeding 80 ng/ml, was detectesbpernatants of NA8 cells cultured for 10
days in MCTS.
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Figure 23: Chemokine IL8 gene expression and pratecretion in NA8 cells cultured in

monolayers and MCTS at two different time point

Interestingly, immunohistochemical studies (Fig@® revealed that IL-8 specific staining
was detectable in MCTS, with a preferential loaian mostly in inner cell layers. Na8 cells
were cultured for 10 days in MCTS. Spheroids wérentfixed, processed as detailed in

Ghosh S et al 2005a, and incubated in the presdErecenonoclonal antibody recognizing IL-

8. Specific staining is preferentially detectaliehie inner layers of MCTS.
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Figure 24: Immunohistochemical detection of ILARAMCTS.
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The marked increase in the expression of CCL20 (MAtage inflammatory protein
MIP-3a) gene in cells cultured in MCTS, as compared tonotayers, detected upon
oligonucleotide chip hybridization, was also comfgd by real-time RT-PCR. ELISA assays
showed a significant increase in CCL20 protein etgmn from MCTS at 3 days and 10 days
as compared to cells cultured in 2D for the sameetiwhereas specific gene expression

declined in 10 days MCTS.
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Figure 25: Chemokine CCL20 (MIBBgene expression and protein secretion in NA8Scell

cultured in monolayers and MCTS at two differentdipoints
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3.4. Cellular immunology studies- focus on immunom@ognition

Growing evidence is accumulating to indicate thamctional activities of tumor
associated antigen specific cytotoxic T-Lymphocyteight be significantly altered in the
presence of tumor cells growing in multilayeredhétextures, as compared to the monolayer
cultures. Clinical data of immunotherapy trials arishe that even in the presence of specific
immune responses, 3D tumarsvivo may be relatively insensitive to their effects.t Bloe
molecular mechanisms underlying the discrepancgtdteinclear.

3.4.1. Description of the model system

We selected as model melanoma cell lines HBL an0 bPAdlls, which are HLA-
A0201+ve and are characterized by high expressiomedanoma differentiation antigens.
Percentages of TAA specific T cellex vivd are extremely low, and usually do not exceed
0.5% of total CD8+ T cells. To perform our studiescontrolled conditions, we resorted to
the use of antigen specific cloned T cells as &fsc Importantly, CTL clones are far more
efficient in this respect than T cells freshly ob&al from peripheral blood.

CTL clones, recognizing Melan-A/IMART-135 epitope and/or gplQg.,ss were
generated from peripheral blood of patients undaeggoactive, antigen specific
immunotherapy in the context of specific cliniadhls. They were able to kill in standardCr
release assays HBL melanoma cells in monolayeresgprg both antigen and HLA-A0201
restriction determinant (Ghosh S et al 2005b).

3.4.2. Migration of immunocompetent cells in respose to MCTS supernatants

Melanoma cell lines may produce proinflammatory mbkines. We previously
showed that when NAS8 cells are cultured as 3D MQMhE&re is significant enhancement of
the expression of CCL20, CXCL1 and IL-8 genes (Gh®<t al. 2005a). Receptors for these
chemokines are largely expressed on iDC and CD8ell$ (Greaves DR et al. 1997; Lippert
U et al. 2004; Takata H et al. 2004). Thus, chetraetton by MCTS might reflect the
potential chemoattractive capacity of neoplastisues.

Then we assessed differential chemotactic respensss of iDC and CD8+ T cells to
chemokines present in culture supernatants, uasmgjyelanoma model, NA8 cells cultured in
2D or in MCTS. Addition of supernatants of cell®ging in monolayers to the lower part of
a transwell system induced migration of both iD@ dotal CD8+ T cells, suggesting that
NAS8 cells constitutively produce chemotactic fastior vitro. Most importantly, supernatants
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derived from the same number of NA8 cells growimgiCTS induced a significant increase
in the migration of IDC and CD8+ T cells as compat® supernatants of their 2D
counterparts. Chemotactic indas defined by the number of migrated cells in the

experimental conditions divided by number of migdatcells in negative control (culture

medium).
_ . A
Chemotaxis NA-8 cell line/16h
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Figure 26: Differential chemotactic responses ofi(Amature Dendritic cells, (B)
total CD8+ T cells to supernatant of NA8 melanorellsacultured in 2D or as MCTS

The above data suggest that when melanoma cellsudtieed in the form of 3D
MCTS, they are capable of attracting APC and CD8<ells. But this ability curiously
contrasts with the relatively low effectivenesstiurhor specific immune responses Viva'.
Puzzled by this discrepancy, we sought to invesgighe morphology of the interaction
between melanoma cells, iDC and, most importar@p8+ T cells, which are largely
responsible for tumor specific cytotoxic activities

3.4.3. Morphology of interaction between TAA speci€ CTLs and melanoma cells

cultured in spheroids

To explore CTL-tumor cell interaction, first morpbgical aspects were addressed

(Ludford-Menting MJ et al 2005By Scanning electron microscopy one can eas#pant

the morphological features of the cells. Antigeesfic T cells get activated after interaction

of T cell antigen receptor (TCR) with MHC-peptidengplexes expressed on tumor cell
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surfaces. This interaction takes place in a 30-@@meter scale gap between the two cells,
known as an “immunological synapse” (Grakoui Alet299; Bromley SK et al 2001).

HBL tumor spheroids were placed on a glass slide alowed 4-5 hours to attach.
Some cells started to proliferate out of the spkler@and started to grow on the slide in
monolayer surrounding the spheroid. Then MART-dpe€iD8+ CTLs (clone E2MA4) were
added on top and after 24 hours the whole struetaefixed with 4% glutaraldehyde. No T
cells were found to express uropod (Friedl P @é0aB, which forms during migration or cell-

cell interaction, but some of them appeared to fstable contacts with cancer cells.

T lymphocytes

Figure 27: Morphological view of T-lymphocytesaathed over HBL spheroid
by Scanning Electron Microscopy

It has been suggested that while cells in monolayekilled by CTL attack, spheroids
may be able to maintain their structural integrithis might lead to the assumption that
although some T cells can form immunological syeajpke peripheral cancer cells of the
spheroid may not get detached, forming a layer rotgation, possibly causing lack of
interaction of T cells with the tumor cells embeddéthin the 3D architecture.

00060114

ZMB
Uni Basel

Figure 28: Scanning Electron Microscopic viewwhbr spheroid, showing integrated 3D
structure of HBL spheroid, after 24 hours of cotard with MART-1-specific CTL clones
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Hence as the next step, by using our spheroid mwedeahvestigated whether infiltration of
TAA-specific T lymphocytes into tumor spheroid hasbrisk” (deep and/or diffuse) or a

“non brisk” (focal and superficial) character at&ltiming by confocal microscope.

Surfact Figure 29: Non-brisk infiltration of

melanoma MCTS immunocompetent

T Y T L BT cells
Figure A: 3D HBL 30,000 & Melan-
A IMART-1,7.35specific CTL clone

: FigureB: 3D NA8 30,000 & Tota
Middle CD8+ T cells

FigureC: 3D projection of HBL
spheroid, challengedvith CTL clones
to show only superficial infiltration

HLA-A0201 restricted MART-4;.35-specific T lymphocytes were labelled with CFSE
and cocultured overnight with 3 days old HBL spliso(labelled with PKH 26 Red
fluorescent dye). By confocal microscopy we obsembat Melan-A/MART-1-specific CTLs
could infiltrate only the peripheral part of the HBpheroid (Figure 29A), although HBL
cells express MART-1 antigen and HLA-A0201.
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Similarly, total CD8+ T lymphocytes were freshiolated from a buffycoat. Melan-
A/MART-1 negative and HLA-A0201+ve NAS8 cells wereatltured with total CD8+ T cells
(undefined antigenic specificity) and they wereoalsiable to penetrate in deep into the 3D
architecture of MCTS but rather tended to remairthenspheroid surfaces (Figure 29B). These
pictures closely reminded the “non brisk” infiliat of melanoma by T cells observed in the past

in clinical tumor specimens (Anichini A et al 19%ernsen MR et al 2004).

These data indicate that irrespective of antigesmecificity, three dimensional tumor

spheroids are poorly infiltrated by CD8+ T cells.

3.4.4. Immunorecognition:
Lack of MCTS infiltration by TAA specific CTLs hiet at a possible defective killing of

tumor cells cultured in 3D spheroids.

3.4.4.1. IFN as a surrogate marker of antigen recognition:

Cell death is traditionally measured by the qifiation of chromium {*Cr) release from
labeled target cells. In this assay, living cellsnspecifically incorporate and retain the
radionuclide. As the cells are killetfCr is released into the culture medium and is dfiedtby
scintillation counting. This assay is a standarg teameasure the cell killing ability of cytotoxic

T cells. However tumor cells cultured as 3D sptasaire unfit to serve as target 1&€r release

Cancer
cell

HLA-A2 S

IFN-y production

HBL or D10-cell line, CTL clones
HLA-A2 °, (MART-1 or gp100 specif)
MART-1*, gp100™"®

Figure 30: Schematic view of antigen recdgniand IFNy production by T-lymphocytes
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assays, because washing steps required aftemigbeby disrupt cells aggregates. Hence, we
decided to measure IFN-roduction by antigen specific T cells followingteéraction with
targets expressing appropriate TAA and restrictieterminants, as a classical alternative marker

of antigen recognition.

3.4.4.2. Antigen recognition by IFN-y secretion measurement

HBL spheroids were prepared in so that each spheantained 30000 cells. When co-
cultured together with HBL melanoma cells culturedmonolayer CTL clones produced high
amounts of IFNy, in the order of magnitude of nanograms. H-Nroduction by CTL clones was
detectable within 4 hour incubation, with a pealelaisually observed at 24 hours (Ghosh S et al
2005b). Instead, significantly lower amounts ofokyme were produced when CTLs were
challenged with the same numbers of HBL targesaailtured for 2-3 days in 3D architectures
(Figure 31).

Melan-A/
MART-127.35 2ty

S31.1 E4MA3
12000 20000
— 10000+ * * *
£ 15000 ¢
£ 5000 | /\. E
< 6000+ < 10000+
Z 4000 z
~ 2000 = 50001
0 0
51 251 1251 511 2.5:1 1.25:1
A E:T ratio B E:T ratio
——2D 3D ——2D 3D

Figure 31: Functional activities of HLA-A0201 rasted Melan-A/MART-%7.35 specific CTL
clones, homogeneously tetramer specific (represeataxample in upper panel), using HBL
melanoma cells cultured in 2D and 3D condition)@Dcells per well) as targets. Panel A, B are
representative of two different CTL clones
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Then HBL cells in monolayer and as 3D spheroidsewarallenged with gp10g).,ssSspecific
CTL clones at different effector: target ratios this case too CTL clones produced more #N-

when they were challenged with HBL cells in monelathan spheroids.
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Figure 32: Functional activities of a HLA-A0201 mésted gp100 specific CTL clone, showing
homogeneous tetramer staining (left panel), usiBf§ khelanoma cells cultured in 2D and 3D
conditions as targets.

These experiments indicated that there is indegaimad immunorecognition when cancer cells
are in the form of 3D spheroid for HBL melanomasel

We asked if this phenomenon was only valid for H&lls or it is more general. Hence
we have studied immunorecognition using D10 celld gp100-specific HLA-A0201 restricted
CTL clones at different E:T ratios.

gpl00 1317

0 - .
1,25:1 0,625:1

—— D10 2D—=—D10 3D

Figure 33: Functional activities of HLA-A0201 rasted gp100-specific CTL clones using, D10
melanoma cells as targets cultured in 2D and 3M@litons.
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Thus, growth in 3D architectures indeed appearsmoair recognition of TAA by specific

effector T cells.

3.4.4.3. Efects of interaction with targets culturd in spheroids on CTL machinery

Elicitation of CTL functions relies on the expressiof an array of components of their
lytic machinery. For instance, CTL may kill throughs pathway and granzymes entering target
cells may rapidly induce their DNA fragmentatiorsbd apoptosis Furthermore, perforin in the
CTL granules plays a pivotal role in granule-mestiakilling. We also assessed CTL functions
by evaluating FasL, granzyme B and perforin genpression in CTLs co-cultured with
melanoma target cells growing in 2D or in MCTS (K 34). As expected, interaction with
targets Melan-A/MART-1;.3stHLA-A*0201+ cultured in monolayer induced the egpsion of
FasL, granzyme B and perforin genes in antigeniSp&CTL. However, the expression of these

genes was significantly lower when effector celexevstimulated by MCTS.
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Figure 34: functionality of TAA specific CTLs is paired within the
3D tumor spheroid microenvironment

Taken together, these data indicate that CTLs eddse a 3D ‘“in vitro” tumor
microenvironment show an impaired functionalitytleéir lytic machinery, reminding situations

frequently observed in vivo (Zippelius A et al 2Q04ortarini R et al 2003).

Proliferative capacity of tumor cell stimulated CTL:

We have also investigated proliferation capacityCdfLs by usinglymphocyte tracking dye
carboxyfluorescein diacetate succinimidyl egfeFDA-SE) Lyons AB et al 1994; Parish CR
1999).CFDA-SE labelled MART-1 specific CTL clones were@dtured with HBL cells in monolayer
and as spheroids at two different cell densitiesD0D and 30000 cells per well) and proliferationrswa
measured by fluorocytometry after 4 days of cultikéhile minimal proliferation was observed in CTL

stimulated by 2D cultured melanoma cells, it waallp absent in CTL stimulated by MCTS.
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Figure 35: CFDA-SE labeled proliferation of CTLsmatlated by melanoma cell lines, as
detected by flow cytometry

3.4.5. Possible mechanisms causing impaired immureognition

Data from different groups (Dangles V et al 2002nBles-Marie V et al 2003), including
ours (Ghosh S et al 2005b), indicate that cultdreumor cells in three-dimensional structures
modulates their gene expression profiles and dsesedheir susceptibility to the immuno-
mediated CTL attack although still unclear areuhderlying molecular mechanisms. We would
like to use our MCTS model system to get some htsabout the probable mechanisms. We
envisage that this impaired immune recognition rniglult from many reasons including:
(a) complex 3D tumor spheroid architecture whickvpnts penetration of T cells
(b) downregulation of tumor antigen expression
(c) downregulation of MHC class-1 molecules expi@ss

(d) accumulation of acidic metabolic products, sashactate
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3.4.5.1.Structural hindrance of spheroid:

Poor infiltration of CTLs inside the spheroid mighe attributed to the structural
constraints of 3D architecture. Culture in sphesaithy provide an overall smaller cell surface
accessible to CTL attack, as compared to monolayesslting in decreased activation of effector
cells. To address this issue, HBL cells were callurs MCTS and after 3 days, spheroids were
disrupted by vigorous pipetting and seeded agamawlayer with 30000 cells/well cell density.
On the same day, HBL melanoma cells who had neyggre=nced 3D tumor microenvironment
were also cultured in monolayer at the same celsitle After 6-8 hours CTL clones were added

and IFNy secretion by the CTL clones was measured aftéod4s.

IFN g secretion HBL MART clone E2ZMA4

HBL3D 30000

HBL 3D disrupt

HBL 2D 30000

(0] 1000 2000 3000 4000 5000 6000
concentration pg / mi

Figure 36: IFNy secretion by CTLs cultured with HBL cells fromauwt or disrupted MCTS

Upon stimulation by cells deriving from disrupteghseroids, Melan-A/MART-4;.35 specific

CTLs secreted IFN-at intermediate levels between 3D spheroids andW@fres. These results
indicate that the observed impairment of antigerogeition by CTL is at least in part due the
smaller cell surface accessible to effectors, karnot be exclusively ascribed to structural

hindrances.

55



3.4.5.2. Downregulation of expression of melanomafférentiation antigens:

We then studied TAA expression, at both gene aontepr level, in monolayer cultured
cells and spheroids.

Indeed the extent of TAAs expression has major izapbns for immunorecognition by
the antigen-specific CTLs. First HBL cells wereirs¢al for MART-1 expression using specific
antibody. Spheroids were disrupted by vigorous thiipgg and scattered single cells were fixed on
a coverslip. Intensity of MART-1 specific stainiimgcells

@

»

Figure 37: Melan-A/MART-4;.3simmunostaining on cells from
(A) disrupted spheroids and (B) monolayer cultuells, 40X

from MCTS was compared with monolayer culturedscel marked difference in intensity of
staining was visible (Figure 37). Some cells fromrapted spheroids were almost clear of
MART-1 specific staining, as compared to the HBllsceultured as monolayer.

To get deeper insights about the event of downegigul of TAA, we performed gRT-
PCR analysis of antigen expression in HBL cellsrianolayer and spheroids. NA8 was the
negative control as it does not express MART-1gamti Our experiments indicated that in cells
cultured in 3D spheroid six fold lower expressidrivielan-A/MART-1 was indeed detectable as
compared to 2D conditions (Figure 38A). By FACS lgsig, following intracellular staining
Melan-A/MART-1,7.35expression was also found to be at least 4-5 foldndegulated in HBL
cells from spheroid cultures (Figure 38B).
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Figure 38: MART-1 antigen expression in HBL melaroecells in 2D or
in MCTS: (A) by RT-PCR, (B) by flow cytometric dyais

Then we tested expression of another TAA, gpl100gumntitative RT-PCR in both HBL and
D10 cells cultured in conventional monolayer fashio as 3D spheroids. Expression of the gene
encoding gp100 antigen also was significantly daguatated in 3D spheroids as compared to the
cells cultured in monolayers (Figure 39).

expression of gp100
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Figure 39: Expression of gp100 in HBL and D10 cbkilqquantitative RT-PCR
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3.4.5.2.1Effect of spheroid size:

Depending upon different cell numbers (e.g. sizthefspheroid), there could be different
level of hypoxic microenvironment, gradient of neirts and accumulation of toxic metabolic
products. These factors may play important rolgorerning immunorecognition process. By
varying the cell numbers in the spheroid, one cegpgre spheroids having wide range of

exposed surface (approximately 150-300).
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Figure 40: Seeding of different cell number in $ngells can result in the formation of
spheroids of different volume
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Two different CTL clones were cocultured with sphids of 5 different cell number,
starting from 500 cells per spheroid, to a maxinafrB0000 cells per spheroid. CTL clones were
co-cultured with these spheroids or equal numbekHBd cells in monolayer for 24 hours at two
different effector:target ratios and then IFNsecretion was measured by ELISA. Interestingly,
CTLs produced more IFN-if stimulated by spheroids than monolayer culturetien the

spheroids contain less than 10000 cells.
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Figure 41: |FNy production by two different CTL clones upon stiation with HBL cells
cultured in different cell densities (A: CTL clo@e5.1; B: CTL clone 2.7.1)

Hence the number of cells in a tumor spheroid cqiég a critical role in T cell activation, as
observed by other groups (Dangles V et al 2002wsig that TNF release decreased in an
inverse ratio to the spheroid volume; spheroidgaiaomg 2,000 cells were still able to stimulate

T cells, whereas spheroids containing 5,000 celtklbst this capacity.

We also measured Melan-A/MART-1 gene expressiotdBL cells cultured at three
different cell densities (5000, 15000, 30000 pel)wether as spheroids or as monolayer, and
measured Melan-A/MART-1 gene expression by quamnéaReal time PCR after 2 days of
culture (Figure 43). Indeed the highest down-retutaof the expression of genes encoding
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fold increase compared with reference sample (corsponding 2D)

Figure 42: Melan-A/MART-1 gene expression astesldo different cell numbers
in 2D and 3D cultures of HBL melanoma cells

differentiation TAA was detectable in spheroids taomng 30,000 melanoma cells, whereas
milder effects were recorded in 3D structures idiclg 15,000 tumor cells. So Melan-A/MART-
1 gene expression was strongly correlated withegme in cell number in spheroids, but no major

modulation was noticed in monolayer culture (ndityfaonfluent).

3.4.5.2.2Recovery of TAA after disruption of 3D tumor microenvironment:

Cells from spheroids were disrupted by trypsin tirest or mechanically by vigorous
pipetting and subsequently re-cultured again in oteyrers for the indicated times. In all cases
total cellular RNA was extracted and reverse trabed. Melan-A/MART-1 gene expression
was comparatively evaluated in cells cultured ind@Dn 3D by quantitative real time RT-PCR.
Data were expressed as ratio of Melan-A/MART-1 gerpression using as reference value

expression in 2D HBL cultures.
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HBL3Ddisrupted day 3
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0.00 0.20 0.40 0.60 0.80 1.00 1,20
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Figure 43: Recovery of Melan-A/MART-1 antigen byngeexpression by
Re-culturing in monolayer
In our hand, TAA expression was recovered not earhan after 4-5 days of culture in

monolayer.

3.4.5.2.3Comparison of TAA expression with melanoma clinicakpecimens:

To assess the potential in vivo relevance of oundifigs, we have also compared
expression levels of melanoma associated antigetsrior spheroids (30000 cells, cultured for 4
days) with those detectable in several tumor begpsiAlthough a wide range of antigen
expression levels can be observed in biopsies,sleok expression of MART-1 in MCTS

frequently matched expression levels in clinicasmens.

MART-1/Melan-A gene expression

Me62

Me122

Me 156

Mel73

HBL3D

HBL2D

Figure 44: Melan-A/MART-1 gene expression in turbmpsies and comparison
with HBL cells cultured in 2D and as 3D spheroid

61



3.4.5.2.4Role of transcription factors downregulating TAA expression:
We comparatively explored the expression of theegeaencoding factors potentially
involved in the modulation of antigen expressiom,HBL, D10 and NA8 melanoma cells

cultured in either MCTS or conventional 2D condiso

OncostatinM is an interleukin-6 type cytokine omigily described by its capacity to
inhibit melanoma proliferation in vitro (Zarling Jkt al 1986). It has been recently reported that
Oncostatin M, produced by melanoma cells culturecbinfluent monolayer fashion, can actively
down regulate Melan-A/MART-1 mRNA transcription undng antigen silencing in tumor cells
(Durda PJ et al 2003). In our studies, however adccnot detect gene expression of Oncostatin
M gene in our cells.

On the other hand, Microphthalmia-associated trgotsan factor is the “master
regulator” of melanocytic differentiatiorrdchibana M et al1996). Previously Melan-A/MART-1
and gp100 gene expression have been shown torsefi@tionally regulated by MITF (Du J et
al 2003). Indeed, we observed downregulation ofrdfibthalmia-associated transcription factor
(MITF) paralleling with TAA gene expression in osystem. These effects also appeared to be
cell density dependent (Figure 45).
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Figure 45: (A) Modulation of gene expression okthtumor associated antigens as related to
different spheroid size and culture architectufB3 MITF gene expression in melanoma cells
cultured in monolayer and as spheroids at diffecetitdensities

63



3.4.5.3. Modulation of HLA expression:

Antigen recognition by T cells is restricted by HA®. Loss of HLA-expression may
represent an important mechanism by which melanevade immune recognition (Garcia-Lora
A et al, 2003). HLA class | molecules present pigsifrom endogenously processed proteins,
whereas HLA class Il molecules present peptidesnfrexogenous proteins. The level of
expression of HLA molecules by cancer cells is sigeito determine the outcome of an immune
response. Absence or decreased expression of Hags Callele(s) would enable tumor cells to
escape from immune response. Downregulation ordbsH A class | molecules may be due to
mutation or loss oB-2 microglobulin gene or of a single HLA allele.

It is of interest that in MCTS a decrease of thefame expression of HLA class |
molecules expression can also be observed. HBk wadre cultured in 2D or in 3D for three
days. Cells were then trypsinized and stained witnoclonal antibodies specific for HLA-
A0201 or a monomorphic epitope of HLA class | heahains, or control reagents. Mean
fluorescence intensities (MFI) of the specific siags were also calculated. Data reported in the

figure refer to one representative experiment dtiti@e performed (Figure 46).

HLA- = f
A0201- §§ EZ HLA
2D §: U class
Gm':' 10! 102 107 104 Gm':' 10! 102 107 e I- 2D
FL1-H FL1-H
23 2 HLA
HLA- e £e class
A0201-5% e 3D
3 5 5
i PO T 0 1 2 3 4
108 10! Fﬂ?i 103 104 10 10 FI]1D-H 10 10
HBL-2D/MFI [HBL-3D/MFI
HLA-A2 43.86 7.82
HLA class | 70.07 12.02

Figure 46: HLA expression in HBL cells culturedntonolayer or in spheroid
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Figure 47: Modulation of HLA expression in D10 satultured in monolayer or spheroid

HBL cultured in 3 days old MCTS (30,000 cells peheroids) displayed a significant (>5
fold) decrease in HLA-A0201 expression at the protevel, as compared to 2D cultures.
Importantly, this effect was not allele specificitlroncerned all HLA class | gene products, as
indicated by staining with a mAb specific for a mamorphic determinant on HLA class | heavy
chains (Figure 46). Similar results were observétth W10 MCTS with a significant>@ fold)

decrease in HLA molecules expression as compar2 tultures (Figure 47).

This reduction in HLA appeared to be cell densigpehdent. On the other hand, NA8
melanoma cells (HLA-A*0201+, TAA-) displayed a digent HLA modulation pattern as
compared to HBL and D10. Indeed, when cultured @T8, NA8 showed significantp fold)
increases in HLA-A*0201 and overall HLA class | eggsion, especially for a cell density of

5,000 cells per spheroid.
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Figure 48:HLA class | expression in melanoma cells culture@D or in
MCTS at different cell numbers

HLA class | gene expression is regulated by trapgon factors of the Interferon
Regulating Factor (IRF) family (Girdlestone J etl8B3). Consistent with the HLA expression
data observed at the protein level, IRF-1 gene esgion was also cell density dependently
down-regulated in HBL and D10 cultured in MCTS aspared to 2D. Accordingly, IRF-1 gene

expression was up-regulated in NA8 MCTS in comparisith cells cultured in monolayers.
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Figure 49: Expression of IRF-1 genes in melanoetia cultured in 2D
or in MCTS at different cell numbers

3.4.5.4 Effects of Lactate on immunorecognition

In previous studies it has been demonstrated thatdxygen level and poor glucose
concentration may influence the metabolism andiferaltive characteristics of cells (Marx E et
al 1988) and promote the development of necrotres@Sutherland RM et al 1986; Mueller-
Klieser W et al 1986). So far, no study has ingegéd the effects of lactic acid on
immunorecognition. Hypoxia in a tumor can induceduction of glycolytic enzymes and
glucose transporters (such as, Lactic dehydrogeh&¥d), which can lead to enhanced
glycolytic flux for energy production, causing higitccumulation of lactic acid. Gottfried et al
reported that infiltration of monocytes in the nmena spheroids can be markedly enhanced by
using oxamic acid (as an inhibitor of LDH), supmiag endogenous production of lactic acid
(Gottfried et al 2006b).

Lactic acid content in the supernatants of tumuanesoids made of 30000 cells was
measured after 3 days of culture. In monolayemced, cells were cultured for 3 days in 5% and
20% oxygen incubators.

A higher amount (>60% increase) of lactate wasdpced by HBL spheroids, as

compared to 2D cultures. D10 spheroids showed aimabmncrease § 15%) of lactate
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production as compared to 2D cultures. HBL Cell2Ih produced more lactate in 5% oxygen

environment, but still far below production in 3Blthough Glucose consumption was lower

when cells were cultured in 5% oxygen environmeatdid not observe major differences in cell

number or cell morphology as compared to cellsucett in 20% oxygen incubator.

Table : Concentration of lactic acid andcglse in supernatants of melanoma cell culture

Samples Lactate conc (mmol/Lt) Glucose conc (mMbpl/L
Fresh DMEM 1.32 24.3
HBL 3D 30000 cells 18.2 184
HBL-2D- 5% oxygen 13.8 21.4
HBL-2D- 20% oxygen 11.0 19.5
D10 3D 30000 cells 14.3 19.3
D10-2D- 5% oxygen 12.0 22.5
D10-2D- 20% oxygen 12.5 18.5

We then performed our antigen recognition assayssinyg HBL melanoma cells cultured in 2D
or 3D as targets in the presence or not of exogayp@added lactate. 10mM and 20mM L-lactic
acid (Sigma) was exogenously added and cancerwetfis cultured for 8 hours in 5% and 20%
oxygen. Then MART-1-specific CTL clones were cogrgd with them (MART-specific CTL

E2MA4: HBL = 2:1). After 24 hours IFN-production was measured.

IFNg secretion

2D-20%-0mM

2D-20%-10mM

2D-20%-20mM

2D-5%-0mM

samples

2D-5%-10mM

2D-5%-20mM

3D

500

1000 1500 2000 2500 3000 3500 4000

IFNg conc (pg/ml)

Figure 50: Effects of addition of exogenous lactateiBL cells cultured in monolayers at

dfferent Q saturation levels on immunorecognition by antigpacific CTL
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Pre-exposure of target cells cultured in 2D to exmys lactate dose-dependently inhibited
antigen stimulated IFN-production by MART-1 specific HLA-A0201 restrictedTL clones.
Importantly, however the addition of exogenousdteto melanoma cells cultured in monolayer
could not induce down-regulation of expression efanoma differentiation antigens. These data
suggest that lactic acid may cause a functionabitiin of effector cells, as also suggested by
other groups (Gottfried E et al, 2006a).

3.4.5.5. Close cell-cell interaction in specific beéypes may lead to dedifferentiation:

The process of melanocyte differentiation requiex# from the cell cycle and the
expression of genes that encode proteins necedsarthe production of pigment — two
processes that are often deregulated in melanowigon Our above data witnessing a decreased
expression of HLA and tumor associated antigenghef differentiation antigen family may
suggest an ongoing dedifferentiation process ifs @elltured in spherois. Importantly Hypoxic
microenvironment in 3D tumor spheroids may alsonmte dedifferentiation of tumor cells
(reviewed by Axelson H et al 2005)

Bodey et al(Bodey B et al 1996) observed in clinical samplegt tduring melanoma
progression cells undergo dedifferentiation withr@ased expression of vimentin, cytokeratin,
but reduced expression of actin. Several otherpggdave reported similar over- expression of
vimentin (Hendrix et al 1992). Hence strong co-esgion of vimentin and keratin intermediate
filaments can be considered as marker of dediffexen or interconverted (between epithelial
and mesenchymal) phenotype. Upregulation in vimeptipression was interpreted by some
researchers as a sign of Epithelial to Mesenchyirehsition, reflecting a major step in tumor
dedifferentiation and development of a chemotheragsistant-phenotype (Thiery JP 2002;
Sommers CL et al, 1992).

By immunofluorescence, we have detected a cleangehan morphology of actin stress
fibre networks in 7-10 days old spheroids as coegbdo monolayer cells. Actin fibres were
more fragmented, whereas vimentin expression pattedramatically enhanced, especially in
NAS cells.
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Figure 51: Immunofluorescence stainings of NA8Isce

(A) upper panel showing Vimentin (red), actin (green}expression in monolayer

(B) lower panel showing Vimentin (red), actin (gngeco-expression in spheroid

On the other hand, for HBL cells in MCTS, vimenéRrpression is strongly upregulated in the

peripheral part of spheroids.
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Figure 52: Immunofluorescence stainings for Vimeiited), actin (green) expression in HBL
cells, (A) upper panel showing monolayer, (B) meddanel showing peripheral part of spheroid,
(C) lower panel showing inner part of spheroid

These preliminary results indicate that for theestigation is warranted to explore

expression of vimentin, and actin in different atettures of melanoma cell cultures.

MITF, whose expression is downmodulated in spherdgke above), can regulate a
number of melanocyte specific genes, including enasolved in melanin biosynthesis (such as

Melan-A, tyrosinase, TRP-1 etc) by binding to M-begquences in the promoter regions
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(Bentley NJ et al 1994; Bertolotto C et al 199G Wously, Iwakiri et al showed that transfection
of MITF siRNA could reduce MITF synthesis and inddadedifferentiation in retinal pigment
cells (Iwakiri R et al 2005). Hence strong expressf vimentin especially in the peripheral part
of spheroid, along with severe downregulation offMIgene expression may suggest ongoing

overall dedifferentiation of melanoma cells upoftue in spheroids.
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Sl §I

H&E staining of a representative metastatic melaamgpecimen showing evidence of “non

brisk” infiltration by lymphocytes, limited to pgaineral areas of the neoplastic outgrowth.
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4. Concluding remarks

Development of a simplén vitro three dimensional tumor model to study human
malignancy is crucial to understand the biologytle# disease, and the interactions of human
tumour cells with their microenvironment, includinghmunorecognition, so that improved
therapies can be designed. In this thesis we aslehlehie development of novial vitro models
utilizing human cells and permitting controlled @stigations of the interaction between tumor

cells and the immune system.

Culture of melanoma cells over PolyHEMA coated diskulted in a simple, highly
reproducible, in vitro multicellular tumor spheroidodel system (MCTS) having a highly
homogeneous size distribution, as compared wiieraé other spheroid formation techniques.
Flow cytometry studies showed minimal cell deatlhimi the spheroid in the initial days of
culture in PolyHEMA based system in comparisontteeotechniques. PolyHEMA based MCTS
model resemblé&in vivo™ tumors in their slow growth kinetics, capacityd@velop necrotic areas
far from nutrient and oxygen supplies after 10-aggdof culture, and preferential proliferation of

cells located in the peripheral part of spheroid.

Data from different groups, including ours, indaxtthat culture of tumor cells in tri-
dimensional structures modulates their gene exjoregsofiles. The data presented in this thesis
provide a large-scale gene profile analysis of tuo®ls cultured in different architectures and
this indicated that architecture of melanoma cegltsssibly due to the inherent homotypic cell-
cell interaction or specific microenvironmental ddions, with a putative role of hypoxia, may
determine specific gene expression patterns of ngiatly high functional relevance.
Interestingly, the expression pattern of severakegdound to be modulated, which are known to

play a relevant role in melanoma progression antstetic process.

We have also showed that culture of tumor cellrildimensional structures decreases
their susceptibility to the immune-mediated CTLaak Functional activity of TAA specific
CTLs is impaired when they are challenged with metaa cells in MCTS, compared to
monolayer cells, as evident by lower expressioraxfLigand, perforin, Granzyme B genes. Our

data indicate that a constellation of mechanisnespaobably acting together in decreasing the
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susceptibility of melanoma cells cultured as MCTSthe attack of antigen specific CTL, as

compared to the melanoma cells cultured in coneaatimonolayer fashion:

(1) Three-dimensional structureer se limit the capacity of effector cells of recogmigi HLA
class | restricted antigens possibly by merely cedy the cell surface exposed to CTL. This
mechanism, however, is only partially responsilde the impaired antigen recognition since
CTL cultured with melanoma cells from disrupted M&3ecreted IFN-at a level intermediate
in between 2D and MCTS.

(2) The expression of melanoma differentiation gans is down-regulated in tumor cells
cultured in 3D as compared to monolayers. In omdbathis is neither related to hypoxia nor to
increased Oncostatin M gene expression but rathardecreased MITF gene expression and to
the high cell concentrations elicited by culturdM@TS.

(3) The surface expression of HLA class | molecwas be down-regulated in melanoma cells
cultured in 3D, as compared to their counterparzD.

(4) Lactic acid production by melanoma cells isrgased if they are cultured in MCTS, as
compared to monolayer cultures, and lactate sianmfly inhibits infiltration and TAA triggered
IFN-y production by antigen-specific CTL.

Most importantly, none of these mechanisms alonabig to entirely account for the
inhibition of antigen recognition by specific CTHgtectable upon culture in the presence of
melanoma cells cultured in 3D, as opposed to 22irTédombination, however, elicits powerful
inhibitory effects.

These features have been detected relatively frelyuim clinical melanoma specimen.
Their occurrence has been attributed to the outifraa¥ cancer cells characterized by low
expression of TAA and/or restricting HLA class lteleninants following exposure of tumors to
immunoselective pressures. However, our data stdges a low expression of HLA class |
molecules and at least of melanoma differentiatintigens in tumors, could be inherent in their
three-dimensional growth, even in the absence abagenous immune pressure. We are fully
aware of the fact that culture of melanoma celédinn 3D might only partially reflect the
complexity of solid tumors developing vivo. However, the clear discrepancy between data
obtained by applying techniques of current usettierin vitro detection of antitumor responses

and clinical evidence urges the development ofrzdtéve experimental models.
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Three-Dimensional Culture of Melanoma Cells
Profoundly Affects Gene Expression Profile:
A High Density Oligonucleotide Array Study

SOURABH GHOSH,' GIULIO C. SPAGNOLI," IVAN MARTIN," SABINE PLOEGERT,’
PHILIPPE DEMOUGIN,” MICHAEL HEBERER," ano ANCA RESCHNER'*

"Institut fiir Chinurgische Forschung und Spitalmanagement (ICFS) and
Departement Forschung, University of Basel, Basel, Switzerland
*Biocenter/Pharmacenter, University of Basel, Basel, Switzerland

Growth in three-dimensional (30 architectures has been suggested to play an important role in tumor expansion and in the
resistance of cancersto treatment with drugs or cytokinesorirradiation. To obtainan insight into underlying molecular mechanisms,
we addressed gene expression profiles of NAB melanoma cells cultured in bidimensional monolayers (20) or in 30 multicellular
tumor spheroids (IMCTS). MCTS containing 10-30,000 cells were generated upon overnight culture in poly-Hydroxyethylmetha
crylate (polyHEMA) coated plates. Kinetics of cell proliferation in MCTS was significantly slower than in monolayer cultures,
Following long-term culture (=10 days), howeyer, MCTS showed highly compact and organised cell growth in outer layers, with
necrotic cores, Oligonucleotide micrarray analysis of the expression of over 20,000 genes was performed on cells cultured in
standard 20, in the presence of collagen as model of extracellular matrix (ECM), or in MCTS. Gene expression profiles of cells
cultured in 20 inthe presence or absence of ECM were highly similar, with >threefold differences limited to five genes. In contrast,
culture in MCTS resulted inthe significant, Zthreefold, upregulation of the expression of =100 transcripts while 73 were Zthreefold
downregulated. In particular, genes encoding CXCL1, 2, and 3 (GRO-x, B, and v), IL-8, CCL20 [MIP-3x), and Angiopoietin-like 4
were significantly upregulated, whereas basic FGF and CD49d encoding genes were significantly downregulated. Oligonucleotide
chip data were validated at the gene and protein level by quantitative real-time PCR, ELISA, and cell surface staining assays. Taken
together, our data indicate that structural modifications of the architecture of tumor cell cultures resultin a significant upreguldtmn

of the expression of a number of genes previously shown to play a role in melanoma progression and metastatic process,

Physiol. 204: 522-531, 2005, & 2005 Wiley-Liss, Inc.

J. Cell.

Experimental models indicate that tumor eells in
suspension, regardless of their numbers, are frequently
unahle to produce life threatening cancer outgrowth,
as opposed to solid tumor fragments (Ochsenbein et al.,
2001), while being able to induce specific immune res-
ponses. Thus, proliferation in structured architectures
appears to represent a pre-requisite for cancer develop-
ment. Therefore, development of three-dimensional (3D}
maodels of neoplastic eell culture may represent a tech-
nological approach of potentially high clinical relevance.

Indeed, cells cultured in 3D conditions have heen
shown to be endowed with specific characteristics, in-
cluding resistance to apoptosis or to the eytotoxic
activity of specific T-cells “in vitro” (Sutherland, 19838;
Desoize and Jardillier, 2000; Dangles et al, 2002;
Weaver et al., 2002; Dangles-Marie et al., 2003). Not-
ahly, multicellular tumor spheroids (MCTS) display
drug and radiation resistance features closely matching
those frequently detectable “in wivo” (Desoize and
Jardillier, 2000).

Taken together, these studies suggest that in tumor
cells growing in structured architectures the preferen-
tial expression of specific constellations of genes might
oecur.

In order to obtain insights into similarities and dif-
ferences between tumor cells growing in physically
different microenviroments, here we analyzed gene ex-
pression profiles of melanoma cells (Certa et al., 2001)
cultured in standard 2D conditions or as MC'TS.

MATERIALS AND METHODS
Cell cultures

NAS cell line was derived from a metastatic melanoma and
has widely been used in tumor immuneology studies in the

£ 2005 WILEY-LISS, INC.

recent past (Gervolzetal., 1996; Oertlict al., 2002; Zajac et al.,
2003). 1t is HLA-A0201+ but fails to express typical dif-
ferentiation or cancerftestis (C/1') tumor-associated antigens
(TAA}  Henkvistetal., 2001). NAS cells were routinely passag-
ed in conventional monolayer eultures in DMEM supplement-
ed with Kanamwein, glutamin, non-essential amino acids,
aodium pyruvate, HEPES buffer, and 10% heat-inactivated
FCS (all from Gibeo, Paisley, Scotland ), thereafter referred to
as complete medium. When indicated, cells were alzo cultured
in dishes previously coated (2 h at 37°C) with a 50 pg/m] solu-
tion of purified collagen (Vitrogen, Palo Alto CA} in PBS. MCTS
were prepared in plastic culture plates following coating with
a 50 pg'ml poly-(2-hydroxyethyl methacrylate, polvHEMA,
Sigma, St. Louis, MO} sclution, preventing cell binding, as
deacribed { Folkman and Moscona, 1978). Cell proliferation was
measured by the Alamar Blue assay ( Hamid et al., 2004).

Gene expression profiling
Na-8 eells were harvested by trypsinization after 3 days
cultures according to the different pmt,ncolﬂ indicated. Total
RNA was extracted usm‘f Qiagen Rneasy™ Mini Kit (Qiagen,
Basel, Switzerland) and its integrity was monitored using

Agilent 2100 Bioanalyzer { Ambion, Austin TX). Ten micro-
grams of HNA from each sample were reverse transeribed and
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3,3 -diaminobenzidine hydrochloride. In all cases, slides were
eounterstained with hematoxylin,

Real-time RT-PCR

NA-8 cells cultured in 2D or as MOTS were eollected at the
indicated time points and washed in PBS. Total RNA was ex-
tracted using the BN easy® Mini Kit Protoeol (Qiapen, Basel,
Switzerland) and treated with deccvribonuelease 1 (DNase D
(Invitrogen, Carlsbad, CA) Real-time guantitative RT-PCR
assavs were conducted on a ABI prism™ TT00 sequence de
tection system, using TagMan® One Step PCR Master Mix
Reagents Kit (Master Mix without UNG, Multiseribe™ and
HN ase Inhibitor Mix, Applied Biosystems, Branchburg, N.J).

The oligonucleotide primers and the Tag Man probe for
GAPDH were designed using the Primer Express software
(Perkin Elmer Applied Biosystems, Inc., Foster City, CA) and
sequences [rom the NCBI gene bank The primers and probes
for CHCL1 {GRO alpha), CXCLS (IL-8), and CCL20 (MIP-
Jalpha) were purchased as Assays on Demand, Gene Expres-
sion Products (Perkin Elmer Applied Biogystems, Ine., Foster
City, CAL

To quantify gene expression in each sample, we used the
comparative threshold cyele (Ct) method (Primer Express
soltware, Applied Biosystem, Foster City, CA). Normalization
of pene expression was performed by using GAPDH as
reference pene, and data were expressed asratio to a reference
sample, namely to cells cultured in standard monolayers,

Protein detection by ELTSA

CXCL1, CCL20, and [1-8 secretion was tested by quantita-
tive ELISA assays (sensitivity: =30 pg/'ml) in supernatants
from NA-8 monolayer cultures or MOTS sampled at different
Lime points. Antibody pairs and standards for CXCL] were
[rom RE&ED Systems (Abingdon, Great Britain), whereas CCL20
and 1L-8 ELISA sets were obtained from Becton Dickinson
Bioseience Pharmingen, San Diego, CA. All samples were
measured in duplicates,

Flow eytometry
NA-8 cells cultured in 2D were collected by trypsinization
on day 3. Accordingly, MCTS obtained after 3 days of culture
on polyHEMA treated plastieware were centrifuged and pel-
lets were disrupted by Trypsin-EDTA (Gibeo, Paisley, Great
Britain) treatment for 30 min at 37°C. Phenotypes of NA-8 cells
cultured in 21 or 3D were evaluated by surface staining using
fluorochrome conjugated mouse monoclnal antibodies recog-
nizing the indicated determinants. Samples were analyzed on
a l"ﬁ(b_‘\‘i(_':uiibur (Becton Dickinson, San Jose, CA) using pro-

pidium iodide (PI) to exclude dead cells.

Statistical analysis
One-way ANOVA tests were performed for gene lists filter-
ed on fold change in the log-ofratio mode of experimental
interpretation (Gene Spring 6 software, Silicon Geneties,
Redwood City, CA)L Duplicates of each experimental group
were compared, The parametric Welch ¢-test was used within
the study with a cut-off Povalue of 0.06.

RESULTS
Morphological characterization and growth
pattern of NAS melanoma cell spheroids

NAS cells were routinely maintained in 2D culturesin
complete medium. However, treatment of culture trays
with polvHEMA (Follkman and Moscona, 1978} pre-
venting cell attachment, gave rise within 24 h to the
formation of MCTS structures. Each MCOTS, display-
ing 400-500-pum diameter, contained between 10,000
and 30,000 cells (Fig. 1A} NAS cell proliferation in 2D
cultures was reaching aplateau within 7 days, whereas,
in contrast, no major increases in cell numbers were
detectable in MCTS for the first 2 weeks of culture, but
they could only beobserved atlatertime points(Fig. 1B).
BrdU staining indicated that while ceﬁs in the outer

GHOSH ET AL.

MOCTS layers were entering cell cvcle, those of inner
layers were mostly quiescent (Fig. 1C). Furthermore,
upon prolonged culture (=10 days), HE staining showed
necrotic cores within MCTS soon resulting in hollow
centers with large, compact cells being typically detect-
ablein the periphery (Fig. 1D).

Gene expression profiles of NAS cells cultured
in 2D and in spheroids

The expression of specific sets of genes has previously
been shown to be modulated by cell culture architec-
ture (Dangles et al,, 2002}, possibly also in relation to
signals effectively transduced upon interaction of ad he-
sion molecules with their counter receptors (Cavallaro
and Christofori, 2004}, Prompted by these studies, we
addressed thorough gene profiling in NAS cells cultured
in standard 2D conditions, in the presence of extra-
cellular matrix (ECM) or in MCTS, by taking advantage
of high-density oligonucleotide arraye allowing the anal-
waig of over 20,000 expressed genes. As ECM model, we

CD49a
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Fig. 2. Expression of receptors for collagen in NAS cells, NAS cells
cultured in standard monolayers were trypainized snd atained with
monoclonal entibodies specific for al, a2, and fLCDM9s, CId8b, and
CD2ED, reapectivelyl, integrin chaina.
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af ation (Fig. 4, parts A&, O and parts B, O,
respetively ). Tahle 2 reports the nomes of the genes of
intenest nnd their change factors depending on the
architecture of AR ol ﬁm 1‘: &

In particolar, a significant tion of [
]:-rvn-uP;'l. of gemes enmding a mnnﬁ.r ol chemokines
imclucing COTL, CO0CE2, ancd (2001, (RO, 4,
oy, L0, 15, mmd @ diold, respectivelyl, IL -3 @7 fold}, and
L ﬂﬁ-ﬁMwmdﬁmﬂeinMﬂm.anmmm
cells o bumdin 20

The sxpresion of genes encading ro-angiogenic fbe.
tars or adhesion malesules, such as iapaoiatin like
4 {24-fald} ar hypoxia indwcihle protein 2 THIG2, T -fold)
and CI5S (DCAML, 35 fald), was slsa found to he signi
fimntly wpresu lated in MOTS in comparizsan with cells
growing in monmolmvers [nterestingly, however, the

dbimnow srw reora e, Hoate rad aggmficaman O 0 00 pefere B o ks

expreasion of the gens encoding of indegrin suhunit
md fihrohlnst growth factor 2 (FGF2) was found to be

Agnifimntly downregulated (3 md A8 4ald, mespec
tivelyi in th ess same conditions

Validation of differentinl gene expression

Lanrge gene expression dotabases reguire validn
tion ot the gene and protein level. Healtime, quanti
tative BT PCH confirmesd the upmeguintion of {2011
3kl x}, gene expression in cells smmpled afer 3.day
cubume in MOTS, o companed with eslls grovwing in
e Ly { Figr. Al We wers then interestes] in
investignting ﬁmﬁ;— upregulation of CHCLL gene
™= transent events, memly elted to MOTS
formation or more durahle modifiontions of MAR gene

expression profile. Indsed, XL gens upmegulation,
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el baler AMA won fhes exfractd and CHCLL 0GRl 03, asd
DCLI0 TP -Ba ) g s s s W srv bt eed. cxpmpara Sl Snealla
ealtisnad B ID o = 3D af fe Edicated Sme painta by quasiiaiie
raliime HT-PCR (paste A, C, azd F segactvelyl Dot am

nhhough decining, was still ohserved ot 10 days after
the initintion of cultures. Accordingly, secretion of this
chemokine was =ign ificantly inereased in o ls culiured
in#{CTS nscompared tother monolayer oul tured mun

terpartsat hoth 3 mnd 10 days of culture Fig 4, part BL

Similarhy, incrensed I1-8 gene expression, nsdeteced
by oligonnucleotide array hyhridization of cHNA from
A days MUTS in comparison to 20 cultures, could he
confirmed by realtime HDPCH ot 3 mnd, to o lower
extent, at 10 doys. Accordingly, signifieant increnses in
protein sscmetion were a h-:umiﬂm'-.-.d (Fig. 4, partsC and
). Most comspimously, massive [ L8 secmetion, exossd
ing 8 ng'ml, wos detected in supermatants of NA-8 a=ll=
cultured for 10 days in BT, Interestingly, immum o
histochemicnl studies (Fig. 5} revenled that [L-8 specitic
stnining wns detectahle in MIOTS, with o preferen tial
locnlization in inmer ol loyers.

The marked inerenss in the expression of COL20
(WIE T b grene im cells cubtured in BICTS, ns compared to
mionalmyers, deteded upon oligonuclkotide chip hyhri
dizmtion, wns nlbo onfirmed by real-time HIT-PCOH
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axprmeed as Bl Sereses af rpin'ﬁ: e L]

fazm 310 BOTS cuicrm an hlll:;: crresp skl . mazmging

I':lni]:l el iremy o Ehen S S nhl Bacron off el

d.n:!n W msamared by H 1 Aol "

B 10" o Dt e mevie S pma By nlndld. ,ﬁm‘.‘nﬂ I a=sd E,

I'HI'F:h'F L Bramadand dervia o s, mever sasediagr L% of 1ka valoan
ool e e et S

ELISA nsserys showed n sgnifiecint inerense in COL30
protein sscretion from BMOTS ot 3 and 10 days s om
pared to o lls altured in 20 for ¢ he smme time, wherens
specitic gene expression declined in 10 days MOTS
(Fig. 4, parts E and Fl.

{m the other hmnd, megarding sdheson moleoules,
the grenes enmding: CH4E8d and COSE were shown to he
significantly down- and upregulated, respectively, in
cells cubbiured in BE2TS ns compared to monoloyvers, y
olignnuclentide chip malysis. Cells cultured with dif
ferent nmchitectunes wene trypeinized and stained with
specific mAh. As rported in Figure 8, fow.cytometry
suTineg 1.'.'!]'!'\.'."-#-1-311. data were found to hecon sisten twith

EeTe expresainn resilis.

Taken together, these dota strongly support the
integrity of the gene pmofiling met hods sdopted in the

curTent study.

DISCTES 0N

Thres dimemensonal (3100 cubures models have besn
explored in the poast demde, mming ot the development
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el deSectiam af L2 = MOTE M eula
B MOTS. Sgkenrids wens Shes Sxad,
proescssl as data Dad b= =i sl s mnlea ] Btk
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E:Hpnﬁhﬁﬂ; *hﬁh&hlhi—?hu:ufﬁ

T -
:E--:u!:ﬂ:-:l.l.rl.l}

al “in vitre™ assays of roadio or chemoresistencs more
clomely related 0 "in vive” conditions than standard
monalnyer o bumes Sutherand, 1988). In particslar,
multieelular tumor sthemids 'ili!.'fﬂ? have heen s
ge=ted to clesly reflect sarly events olnvosoular temar
growth (Hauptmmn etal., 1998; Desaize and Jamdillier,
20000 Indeed, MOTS resemble “in vive” tumorsin their
capacity to develop necrotic areas Bir from nutrient and
oxygen supplies. Furthermore, MOTS are abo similar
to solid tumors in their growth dymamics, fitting the
{Gomperiz squation, tmditionally need to describe the

0 FT Al

Hoe ]:im:iti:rg g’r:rqd:]'t of tumors (Baper et al., 1997;

ignoln et al., 2000}

tlerent methads muny he used to ohtnin MOTS Helm
et nl, 2008) Emy formation in a short time, homo-
genems size distribution and reproducibility represent
esmential requitements. However, sxtensive mumipala
tion or hinding to artificinl suhsmies or heads might
skt in dierations of theariginnl charscteristios of the
cells under investigation Santini ot al., 1999 There.
fore, in this work, wechose togenerate MOTShy merely
preventing c=ll attnchiment on culture plstioware by
phHEMA Falkman mand Mosconn, 1978, In these
mnditions, id formution was rapdly obtained
from MAS me aeells. These MOTS presented fea
tures largely overlapping with thoss of puhlished coll
o], amding skow proliferntion {Gorlich et al,
1944 nrﬂmﬂtm al meemith low cores following
bngterm cubturs (Hmpimann et ol | 19980 We luve
m ively nasessed gene expression in identical
ell= cul in MOCTS or in conyentional menaolayers.
The datn vl here provide the first lnge scale
gene profi ke analysis ol tumer cells cultured in different
wrehitectures.

Interestingly, although HAA cells expresmed receptor
integring, 2181 mnd =201, colture on @ lngen-conted
plasticwre did not nppear to resuk in mojorakemtons
of their enpression profile. In contros, culbume in
MOTS determined profound modifimtions of the
expression pattern of NAS calls, as compared with their
munterpart s altured in 213

Mist remarkahbly, nt least two genes whees products,
CEOLL (GHO2) ond 118, have heen shown to play o
mlvant roke in melimoma progression md metastatic
process (Balentien et ol , 1991; Koch et al , 1992; Singh
etal, 1994 Lunn ot al, 1997; Bar-EL, 1999} were found
tohe Sgnifimntly upregu lated in o= lls colfured in MOTS
e appeed 0 monolivers. Masive increnses in the

a CD4%d-alpha 4 CD54-1CAM
74 5+
7 2] »
2.3 i f
353 S ; 1
"‘E:j f -+ FY
E; ] 9: ¢ 2
1 i 10 10! 10 m? e
+|.
D
D
b
Gene Expression MFI 20" MFI MCTS
CD49d 3 fold downregulated In MTCS 57.3 15.4
CDS4ACAM1 3.5 fold upregulated in MTCS 1.1 766
Fig & Modadwie of slissio: ool mpuedm = N ol e defechd pos digusaciiohls army & = b Dea are

Borad =

wrw e BICTE. MAS calls weras oo Berad for 3 duys
i fussiard o

rogileray (AT e S MOTTE (5] Thesy warre
R E Soadd ] wSibead wirk CDald ar TR

:n o Pl'-::lrh‘l.rn :-.I.:H:nnhnhI: Tata rﬂ

s b S af gess exzresdinn = MOTE as cmmgared i 21 coliznm,

e Shorreets s kel T oemerviad = cllm Eras

e RITTE el e o s g with S mocl 1 afain
el s o ok s i) rengrmiriegy Wl Edieabad markars MFT ok
el e Masln g Witk Bodyee cosfndl sALS wers waiinadad
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ins were nhba oh
LA prodnetion was
wt-udmrmu.h'v in MOTS,

sreretion of the m i
seryed in these conditions. I
nln detectahle by immunah
meetly in inner cell lavers.

There arono apecific studies exploring the o otion
hetwreen DOLE) gene expression amd bomar progrression
in melnomn Howeyer, in panereatic cancers, tiamar
ignnesis hos heen ot her psmonci arbe o wi th COLED
gﬁqﬁm’ n{Eleed et nl., 1999 Furthermoare, this

akine hns heen suggested tofavor the infikmbion of

melynoma by antigen presenting cells producing the
T s ressiye eneyme indolemmine 2 0-diogegen
nse (EOAN (L et al |, 200

In sddition, 11.:.1..:!1I:.', XL, IL-8, mnd CCL20 nnes
known to promote mgiogenesis in vive. Other genes
whese products enhamce mg:ﬁuma such m those
enading angiopoistin-like 4 and hypoxin-in
tein 2, were alo oversopressed in MOTS. In l:h-ilgm
cemtmest, however, hosic ]:"-[:F e wan -:hmu'tg'l.r.'l.utﬁ
in MAS enlls cubured in

hem
Genes encoding or ntngﬂl-.-;'u'\-:-d.m:hm al ECM
m‘n :r|.=r|.1:|. mich as laminin ar hyaluronic acid, wemne
it toget her with the gene o 54

I:H' Liin MOCTSE, nscom pered fo o nolmy tures

Taken together our datn provide o :ﬁ.Tl.1. clnt nha=e
locumes] on structure related pene expresson in tumor
cells. Most imporinntly, they undedine that the nrchi
teciure of melmomn cells, possihly dueto the inherent
homatypio cll-mll interaction ar specific micmemdr
onmental conditions, with a putative role of hypoxia,

may e termine gene cxpresaion patterns of
potentinlly high functional relevance Strikingly, cul
tune in MUTS nppears to result in the upregulation of
comstellation of genes whoss expression has previousy
hesn shown o correlate with high mali

The evalwrtion of the rols of the Eurﬂlmrmm
while smdding to the complexdty -ufm-ad.dﬂr]h.n’rﬂ:-‘tm
might prave critiml or the mvestigation of the tumer
microenvimnment incduding the intersction hetwesn
tumer cells md autolbgous healthy cells with diverss
phy=inlogical finctins
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ORIGINAL ARTICLES

Culture of Melanoma Cells in 3-Dimensional Architectures
Results in Impaired Immunorecognition by Cytotoxic
T Lymphocytes Specific for Melan-A/MART-1
Tumor-Associated Antigen

Sourabh Ghosh, MTech, Rachel Roseathal, MD, Pawl Zajac, PhD, Walter P. Weber, MD,
Daniel Oertli, MD, Michael Heberer, MD, Ivan Martin, PhD,
Gidio C. Spagnoli, MDD and Anca Reschaer, PhDD

¥hj eciiver To mssess the effers of the culturs of melanoma o2 in
Ldimensiomal (30 apchitesiurs on their mumnorsccgmiton by op-
toboetio T lymphocytes (CTLs) specific for mor-resocinted migas
Summiary Background Data: Grewth in 30 arhiteclures hos been
shioram o promisle the resstines of cancers o trarment with dougs,
oyiokires, o wredition, thereby potentially ploying on imporiani
rale in tumer exparsion. We investigated the effects of 30 aliune
on the recognition of melnormn cells by antigen-specific HLA aluss
L-resiricted CTLs

Methiods: Culnxe of HEL melanoma oslls espressng Melm- A0
Mart-1 tumor-associned onfigen ond HLA-AD20L on poly-2-by-
deoyethyl methnorylate (polyHEM Ajconted plates resulied in the
generntion of aggregates of 4060 to 5000Lwm diamters contnining on
overngs MU0 gells and chametenzed by sowes prolifemtion. as
campared with monolaysr (2-dimersiomal) aaltures, HLA-AGZ0]
resiricted Melan-A w1, y-gpecific CTL dones were wsed 10
evnlmte tumaor cell immunorscognition memsured m specifio [FH-y
produstion. Comparative gene ond probein expression in 20 and 310
culnxes wis sadied by real-tirne PCE and Bow oylometry, regpec-
tively. Cremll differsnos in geoe expression profils between 21
mnd 30 oultures were svnluaed by high-demsily oligonuclsatids
army hybridention.

Besults: HLA-AC20] resricted Mehn-A/Mar-1 ., ;. specific CTL
clones produced high amomnts of IFK-y upon short-term (4-24
bouxs) coingubation with HBL cells culiured in 200 but not in 31,
this mggesting altersd mitigen recognition Indeed Melm. A
Mart. | sxpression, ot both gene ond protein levels, was signifioantly
demreased in A os comparsd with 2 cultures. Concomitantly, o
pamlld deoreasze of HLA aliss 1 molemile expresson was olso
observed. Differentinl gene profiling siudies on HEL cells showed
mn inorensed expression of genes enooding molemales imvobved in

From fhe Insthui fr Chinrgische Fapchng and Spllmanss smend and
Departemeni Forschung, Universiiy of Eassl, Bassl, Swiizerimd.
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intercellular adhesion, awch as junotional adwsion mokouls 2 ond
oadherindile 1 {=20- and &-fold upregulsl. regpeaively) in 30
s oompared wich 20 qaliures.

Conclusions: Taken together, our dain suggest that mere growth of
melnmoma aells in A0 architeolures, in the ohsooe of immuoncs:ls-
tive pressure. moy resuli in defeclive recognition by umor-associ-
nizd nntigen-spe oific CTL

(Amn Strg 2005:242: 851 -858)

E:-Eaﬁmental models mdicate that tumer cells 1 suspen-
o, regatdless of their rumbers, ate frequently urable i
produce |ifa-H:u:e.:l:a'ni1:||F ancer cutgreowth, as oppossd o
golid tuner fmgoents,’ while bemg able © nduce speafic
immure resporees. Thus, proliferanon o struohred architec-
tures appears to represent a prerequisite for cancer development.

Interestngly. mmor infiliratmg lyrmpheoytes (TILs) of
undefived mmbigemc specifioity, capable of killing sutalogous
bladder tuncr cells culhured mn morclayers (204 or i sus-
pension, kave been shown to ke unable of roogmzmg nngets
qultured im 3-dimersional (30) structures.” Bmularky, a op-
toboric T lymphooyie (CTL) clone spemfio for a mukbed
e-actin-4 peptide expressed by autologous hng vancer cells
pootly recogmized tingets growing moolbcelllar wmer
sphemads (MCTS), possibly due o a down-regulabion of
HSPT expression.”

Although melancma is the hmar mest frequently -
geted m actrve speaific mmunotherapy chuical tals. thers
is a pancity of studies on inrmune Tesponsivensss o these
neapletic cells when culred in 300 architechures.

Importantly, tadial growth of melanoma (eg, Few layers
of neopletic cells) has tadibonally been assoomated wath
good pregnosis, Furthermore, previcus work on olmical ma-
terials suggests that devection of TILs 15 ndeed asscciabed
with miproved prognosis i melancma, but mostly enly
cases where a “brisk™" and not 3 merely superficial infil -
tion can be cbserved. Taken together, these data suggest that
anftigen tecogration capacity and the resuling funchonal

B51
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actreiiga af CTL m!hhl l-:lE-:l.:d:r skered in il pres-
arce -:|r turrsar celle growing in moliilsyen d sechiissume

[reviann wu hwen shewn thei calisre af

:lll.l.:::u I.'I"I i MC i 5 profourdly affeciv dhair gess ox-

preanian prafle, o canpam- with coovantenal 1D calinrsa.”

Ini dhin work, wa repari thai culiam n-Fn-lhl:-n:- zalln

in 10 srchitecturs may precent hair m by CTLs

wpecific for & iumarancosed soagen h'l!hl-\.'u

MAET-1, ﬁ'lq.l-ld:r ared 1o clinizsl acinew -|!-ll apmcibiz

|:||:l|:n-:-:h-rq:|'

MATERIALS AND METHODS

Cell Culturss
HBL czll kne denves fron s nll:u:lh-: rrii b v ared
bax wadaly bean wad by fumsar inmunc
l:udrll ||I:r:h-l pat. 1 IJ in FII'.E. E.El:ll— ard i ex I:E
ical malsncme-simecied differenistion aniigera.” HAL
cally wars rantinely puinsged in corrvantional ZD) culiures i
RPeAL | edid llH:hu-ll-:r'Mﬁ barewryycin, gowming, sen-
auariial amino acide, sodivm pyrmevsin, HEPES bulffer, and
IR hastmacireaied FCE jall fom Gibea, Fashe
|:|l|:|:|I thiaresfiar rl-Fl-rm:Iu::ll I.'\-:II:IPI-II-I mediumn. ]l:lrlEr\-l-
din unr culture plama follewing
-::-n; 'n'llhl F"l gml pely-I-kydromysih ul-:lu-:r:p—
|.|.I-||p-:||:|"|'|'Eh'|.|5|.. g::l. SI Lﬂll |-:||m-c|u. prreeni-
ing cxll hindng s duicribed.! E-lll praliferaiicn wan
mzaaumd by the Alamsr Elas sy, 13
CTL clasas wers pererssd from plnph-ln] Heod
CDE+ zally of paiiznia ld-l.nu seiivi, antipgen apscifc
|nnmn-&l-:r Tlh conmxi af q:l-l-:llr clllEﬁE:-
F-rl-'." ly duinled ™™ Ernafly, zals from bk calises
evidence of snigas ihc I-:n:lv: mzireify,
EI-I My rllnll-E:.ll:.TH Lﬂ :ln-u-h.ld n
E-l:l-'mil '.I'l-r.ulh pleza [Bune, ||:u|r|:|:|| mark] =i 0.3
-n-llhp-lr'n'llllull:l (L vakirmag, n:h- rcw of |0, (4K
imdisizd al i FEHE."M-" in F‘.F"E‘"lﬁ-ll-ﬂ miedinm,
mpplemanisd with | mmall Jndlln proresi, I mnelL
revnseriial sninc acd, 2 mnelil Cgleamine, 10 mmcl T
HEFEE bufier, ard kssaryzin {sll fem GikzoBRL, Psula
UK} ard % pacled huren ssrum { EPMI-HS), 'n'l:ui
rL-1{ ¥ uris'ml.} snd porifed ph himin { FHA,
L2 pp'ml, Remal Dartfeed LK) wem 2 . difter 10 14
dhya, wells 'r.'I:I-rl--:-lllE'-u-'n‘Ii'n'l.l nizrescopically demcinble
WM X iei RPMI-HE supplam erted with 100 mn'nl'.
-2 snd sreanad foraniigas q:-l-:lir-:j'm:r: ity [aea
kalews CTL clonar ware mairdairad in RFMIE-HE nupple-
meried with 100 miivnl fll-2 ard resimulvied panods-
calky wiih FHA in tha pressres of imadinm d sllogenic FEMC.
Al wmnayy reparied lem ware parfarmad at et | weak sfiar

renfirma lsiann.

.ﬂ.ntlgun Recognition Assays

'Cr relenss and [F¥ oy produciion weam uind os anti
rezegaiiion womyr. fu bagei amuaier cala, '|-.'l-u||-c|-|£::|

HOL ar ¥A2 malscra cells (zcurmey oF Dir. Loizrasu,
Yantgs, Frarce].'” Beth am HLA-ADQ2D]+ oelisomnas
zall lires, but L expremes Malan-AMART-1 gara®ic

wharean MAE dow raol In specific anays, MAE zalh wan
B&2

pasad for 1 bean ot 370 wibh seadeiie HLA-ASZOL re-
mncizd ull.l.ﬂ-\.'n"l‘.l!l.n.r-l._.,_“ Epids {Orpagen, Heidal
I:-;RI Germuny) & & 1 pp'ml corcznirsian. In sl casm,
"Cr-bbikd cells wem sdded io differeni runben of
affecter 2ala wgathar with 10 uslabslad K3EI culla § decory
tu for ME-iks nerwpmabs o sctiaiy). Afer o 4-hour
ilEi-:ll. el -:TF:: ::lll 'H'I.Ip.r:ll'l.ﬂ.lFl-I'r\-ld cnia
Lurrer-plaian {Packard Eiomcisees 5.4, Dinch, Swisarlard)
ihai wam dned and cousied inio & scingllsion cconier
Court, Pezkard Bicociancn o Parae af ific |
EET-.-»L-:.J-:-L-}.J aczording bﬂ:ﬁdﬁmhﬂh
Alzenairealy, CTLa wam culiursd fogethar with el
zall ot diffarect effezion i mitan for J w M4 hoar
Cubum sspamatssin were thas collscied snd IFN-y produe-
ticn wan maanred by ELIEA [Phamngen, Ssa Disge, TAL

Cell Phenotyping
FITC hhhdﬂmﬁlﬂduﬂ.bﬂdi‘lllﬂﬂ# itz far

HLA-ACI0] or a mascmarphic delarmini of E:::llll 1
h-l'q.' chainn wers abinined Fom Plammmgen and wam ased

for surfeca widning of ik cally wrderimenmgstion. A Mdan.
AMART-1 » E:u:.l’l.hl'!‘l'mﬂu-:lln'.. Mawails, UK, wa
wed fer ||:|:|'-.-ll||.h.r suiricg af zalls pareabilized

in irmaimank. ifiz birding wa fhen eeeasled by rbin-
g withan FITC-libalod gowi aniknews [g resgant |5 cuth-
am Bictech, Bimmingham, AL% Ssnplas wers snalyeed on a
FACSCalibar Aew-cytamsiar equipped with Cellquat aofi-
WEN =n D:I:llnu. 'EI.I:I.-]-:II-, o) g propidiun
idids { Pl o amchude dead cells.

Real -Timie BT-PCR
HBL zala culiumd ix 10 or 30 wam colkcizd ai
differant i peintg sad wasked in PES. Toul FNA wa
azmaced wing ihe F¥eury Min Kt Protocel { Chisgen, Hasl,
Swaizedardd) snd trmaied with Doooyribarcleass I EETTT ] 2
ilmeiiregm, Carlibad, CAL Esal-oms quantiaines ET-PC
amayy wers candusied oo o ABL prives 770 . duiee-
ticti npuim, wing T Ore Siep POCR Masier Mz
Reagemiv Kt [Maier Miz wihoni TG, Mubisznbs acd
Rase Inkibar Mi::..l’l.ppludBm:rlnul Brarchbars, %1%
(1] 1 kaiids proven sad e Tag Man fer E'l-i-
AMART-1 pena wera danignad by useg iba Primar Ezpran
saftersm { Parkin Elmer Spplied Bicaywiam Ine, FeatarCit
CAY mad - quences from ik MCHI gars bark. To ‘:I_iE'
gers expresson in each aample, wi amd ik < EETpaTEiTe
ihrmakal 4 maibad { Primer Expram 2 E-H.'H'l.l'l-, &
a T Em?:ln[cl:::l-lhr City, |:I5I.:| Hm';'i zabicn was |:l-r-P-
mad hr uu! pern azpricn in ID calivsd call

Gene Expression Profiling

HBL =alls wers harenie-d h.' i ppeinizaiicn after 1 daya
zulivra in 2D ar 0L Fres :n: mran of ot A%A gx-
imcted wsing Cisgan F:'--Ill ".ll.l:l Kit [Clisgan) ﬁ'-:-:l anzh
manph W reverag-iramen mnd la l-dL.' misg com-
mercial =i H, levii ; Bie=11CTF ard
Eig-l 6-LU'TF, Erco Bize ‘.'-"r].'Hi:ci-:.i—d RN,
mznind by meamment ai P70 for 17 minis in 40 mnel
Tris-scatsw, pH 4.1, 10 mmall poanion scobim, s 30

O 200 Lppdecar Wilimer d A%y
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Immunarscognition of Melarome Cals i 3D

L A o

NEEid
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FIGURE 1. Cereration ars charscter-

' ization of 30 cultures of HEL ol
HEL c=ls ware culbured for 72 hours
on polyHemacoated plabss, thus giv-

= ingl rise to the forration of multicellu-

lar aggregates (4) of an average diam-

mrno L magnesmam ooetate, was hybrdmwed to human o hgo-
nug keatide anmy HG-1U-133 ples 2.0 allowing the anabyss of
over 38,000 genes (Affymetn, Sant Clam, CA). Two sep-
arate hybndizations were pedomed for each 2ample under
vestigahon. Faw data were collectsd vang a confocal lser
soammer and piel levels wers analyzed using commerial
asodtware (Gene Spring Vermen 7, Sihcon Genetios, Redwaocd

City, CAj Two separate datn readings were pediomed far
each hybndiztion. Ome-way ANOVA bests were performed
far gene lists filtered on fald chamge in the log-of-mbo mode
of r:pemnrnhl mberpretton (Gene Sprng 7 softwore, Sil-
ioat Gensbcs), Duplicates of sach expennental group were
compared. The paramieno Walch ¢ test was used withm the
shady wath o cuted® P ovahue of 005,

RESLILTS

Characterization and Growth Features of HBL
Cells Cultured in 2D or in 3D

Upon culture on polyHEM A-costed plasho surfaces,
HEL culls formed 3D aggregates of 400 to S00-pm dianwter
combmming on avemge 20000 cella (Fig. LA), Proliferation
kiretics of HBL cells cultured n 20 cr 20 sharply differed.
2D oultures showed mpid cell proliferabion, reaching a pla-
igan within & days, In contrast, enly mmer noreases m cell
munbsers were detectable m 20 cultures dunng the same time
(Fue 1B)." T Comparable results were ohtamed by Alamsar bhie
stammg or dieat count of ypemized cells {dam not shown).

Characterization of CTL Clones Specific for
Melanoma Cells

CTL clones recognmy Melan-AMART-1,5_,, epitope
m the vontent of HLA-AOXG] resmotion were generated
folkowing culre of COE + T cells from panenis with meta-
ntatic nelanoma undengeang active anhgen specifio mnmo-
therapy.*1® They were able o lall, 10 siandard " relesse
nssays HEL melsnomia cells exprossing both mniigen and
HEA-A020] restricton determanemt, bat not WA-8 melanoma
oells expresmmg HLA-AOX0] ond net Melm AMBART-L
Hewever, exogenous pulsing of the latier cells warh specrhic
pepticke at comoentratoms =10 ngiml sufficed o semmbize
thern to kalling ly speoific CTL (& represeniatree example =
shown m Figare 2)

O 2008 Lieoincott Fillzme & Witking

eter of 400 to 500 wm. Alamar blus
call profiferation assays (B) show digtinet

e kimetics for cells culbred i 200ar im A0

CTL Clones Fail to Recognize Endogenously
Processed TAA From HBL Melanoma Cells in
30 Cultures
Diatn chimmed m bladder and hing cancem™* mggest
that gowih i 30 architectures may prevent the recognition
of TAA by specific effector T cells. We amied at venfymg
whether mmilar evenis cccumed m melmoma. o ype of
gemaer targated by o rumber of immumotherpy trials. Cells
cultured 1n 30 are unfit to serve & targets m " Cr roleass
nsoays becouse the woshing stps requred after bbeling
dhsrupt cell aggregates and MCTS, Ahernative antigen rec-
oan:-n assays tely on [Py producton by selected CTL
ones following mteraction with appropriate target oells.
HEL HLA-AGX 1+ melmoma cells expreasing Melan-AS
MART-1 differenbation anbgen culhred m 200 or 30 were

used o simulate [FH-y producton by the previously char-
ngterzed CTL clomes.

Az expooted, HBL cells culnarsd m 20 mduced specibio
[FH-y producnen in OTL clones detectable wathin a 4-hoar

el
m - —— ML
& -\-"1—__
£ g
M T T |
£, 40 *
~ 4
£ o p——
. . Medpr ARERTT |
1 a T |
b - |
EH b T4 17E
Effiector : Target ratio

FIGURE 2. Cytotosic activity and antigen specificiby of CTL
CTL clones wers gererated by limiting <Blutian fram o=l
lires derived from peripheral blood COB+ c=ls of metastatic
melanoma patients undergoing active specific immuno-
therapy. Specific antigen recagnition was azssssed by
standard ¥ Cr release assays, using; as tanget czlls, HLA.

AN -pogitice melanoma oslls not expressineg Mean-4/
MART-1 {MAS) in the presance {riangles) or abssmes
{squares) of pulsing with Melan-A4/MART-1 5,0 peptide (2
Egfmb) HEL melanama oslls {diamands), exprassing both
HLA-A0201 ard belan-A/MART-1, wars killed by Belan- 4]
MART-1 2735 specific CTL. Data are reported as average of
specific lyds from friplicats welle Standard deviations, alweys
lorwemr than 1 0% of the valuss reparted, were amitbac.

B&2
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FIGURE 3. [Fby production by A ETHEET iy

Md=lan-A/RAART. 1 sropy specific CTL 1nms

clones upon stimulation with HEL cslls s a

cuttured in 200 or in 300 A CTL clone b 15

specific for HLA-AO201 restrictsd = "

Felan- A MSRT.T 2 2s i:J:-it-:-F-e WS = " .

coincubated for the indicated Grres at A -

5:1 EfT ratic in the pressnce of dmiar ' . &

numbers of HEL rezlanoma cels, =x-

pressireg both HLA-AGZ01 and Melan- i

APAART -1, cultured in 20 (squares) or I£] i

in 20 {diamonds) (&) Addiiorml CTL i -

clones were incubsted for 24 hours n | LLi: - T

the pressnice of tanget HEL c=ls cul _ imm . . | s . i
tured in 20 or in 300 at the indicated L e . 3

ET ratios (B, C) In al cases, sup=ma- ol - =1m-

tarts were hareest=d and IFM-y pro- = ': = |

duction wae mexured by ELISA. Dot il et S * =

are raported as average of riplicats i L L3 " P Iy e
rreasurements (a pa‘ml). Standard T il Y S o
deviations, rever exceading | 0% of

the reported valuss, wars omitbad, e e i
moabation with o peak wnually observed of 24 houm (Flz 4 =

3A), whereas MAR colls expresang HLA-ADDI] but not
be lan-ABART-1 were unable of shrmualating TFH-y produc-
non fdata ot shown) Instead, sigmficantly lower, 1f any,
ammounts of oytaking were produced of CTLa were challenged
with the sime numbeas of HBL target cells culbared for 2 to
3 -:|..::.-':1 i 3D awhitechiies IFi.g,. A0 Similar resuls were
abimped 1 4 mdependent experiments performed by namg 5
chiferent CTL clones obimped from 3 patients, ot differen
effactor:target rabios. Represmniairve dats are reported m
Figue 3B, C.

Melan-A/MART-1 and HLA-A0201 Expression in
HEL Cells Cultured in 2D and 3D

Thess -:|.u|:=| suggested that rum-:-r wells fal o b Tec-:-
mzed by speafic IE%EE when cultured m 310 strucrores,
ohtam an maght mio underhying molecular mechaniana, we
comaparntreely explored  Meln-AMART-1 enpresncn m
HBL cells cultured m either 30 or conventanal 200 condh-
ficms. Juantiative PCR analy=is indicated that m cells oul-
mred m 30 a A-fold lower enpression of e lm-AMART-1
as conypared with 20 conditions was ndesd detecmble (Fig
44} Tenportantly, cells from tea disrupted by typsm
mm:uFI.Dan-d mabsequently :ﬁgmf; m mau..ﬂaye?hbiprﬂl
recovered basehne (200 Melon-AMART-1 expression after
2 days (Fig. 4B). Full recovery required miore then 4 days of
aulturs Fellowmg aggregate disroption (dam not shown),

To ohtam mm weght wio the impact of redoced geme
expression om the prochichon of the comesponding protein,
HEL cells culhmed accordmg to eithar protocal were peme-
ahilized and smined with o Melan-AMar-1 specific mAb.
Conmstent with gene expression dats, wirace lular stami
revenled a 4-fold decrmuse of anhgen expression m HEL w.rﬁ
aulured for 3 dayes n 200, as companed wth their comterparts m
20 iFig. 50 A gmmiler reduoon was also evident m stancnd
mmunacytcshem ety prepamtions {data not shown).

HLA-020 ] expression m cells culored 10 30 wes al=o
mremtigated, HEL cells from 2- fo Zday<ld aggregates

E54

LEL!

i [l

L L] ik oL} ] (K

1
B Y, -
dmrupcs
1, e -
i
.
o

L] B i 1T (1] i LT

FISURE 4. Melan-A/MART-1 gene exprassion in HEL o=k
cultursd in 20 orin 300 HEL cellk were culbured in monolay.
ers or in 30 for 3 days (A) Altermatively (B), aggregates
were dismupbed by ypsinization and cells were recultured in
monolayvers for the incicated times. In all cases, total cellular
RM& v esctractsd and reverse transcribed. Melan-&/
MART-1 gere sxpresion was comparatively svaluated in
cells cultured in 200 or in 20 by quantitative real-troe BT-
FCR. Crata are emprassed 28 ratio of Melan-4/M&RT-1 gene
expression LEng as reference value eapression in 20 HEL
culturss, Megative oontrol MAE cells wers also studied.

displayed 0 mgnificant {>=3-fold) reduenon of HLA-020 1
expression, as detecmble by speoific mAb staming. m com-
panson with teir counterpars culmred in 20 (Fig. 61 Im-

© 2005 Lpniacar Hiilomy & Hiikes
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immunorecogrition of Malaromo Calls in 50

A 2D g 3D
g g
2 B
=& =8
fe is
¥ H
= (=} f r - -
13 ot i ol ur i iw! i ! !
FLis &
£ D FIGURE 5. Melan-A/MART-1 protein
exprassion in HEL cxlls culbured in 200
D 2D orin 30. HEL calls were cultured in
3 20 (&) orin 30 (B for 3 days, They
1 were then rypsinized, pemreabilized,
5] Cutum corcibos WA and stairved with mancclonal antibod-
E ies spcific for Melan-APALRT-1 or
83 Y LF-] contred rezgents. Melan-A/MART- |
EE: histagrams from 20 or 300 cultures
3 K in weare ceearlaid in panel © D, Corre-
F1 sponding mesan Fluorescence intens-
tizs (ML of specic swinings Dats
=k . .
refer bo one representative sxperiment

II:I|:I II‘I 'IJ'E Il:l:a Iﬂd
FlI#

:|:l-:-|:|:.u11|:|:,-'1 this effect was not allle npeci.En bur comcemned all
HLA wlass T gene produses, as mehcared by stommg wath o
mAk speaifio for a menomorphic determmant cn HLA olass

I bearvy chame (Fig. 61

Gene Profiling Studies

hu.nartarLEt to thoroughly sesess specific gene axpres—
aicm profiles’*"” assocated with eather 20 or 30 culrure

conditions, we hybndized cBHA from esther culivres on

of 3 peformed

high-derety cligomuclectds chip amays allowing the analy-
s of more than 38 000 expressed genes,
T ghudy mevealed that culture m 20 architecture had

a rela tvely modest coverall vmpact cn geme expresmion i HEL
cells (Fig. TA) Besde o number of expressed sequences

encodmg undeseribed gane producis, 47 genes cnly were
significantly medulated, with down-regulation of 18 and
up-regulation of 2 (Fig. TH.C) m 30 as compored wach 20
vultures, The latter group conspicuoely meluded geoes =o-

HLA-A02F-20 HLA, cla=s 1-2E)
g
E
B2
b
i
=
i ' i !
FLiH
HLA-ALRED]-30 HLA claes 1-30)
g £
E -
g = FIGURE 6. HLA class | =sression in
§ HBEL melarama o=ls cutbured in 200 or
¥ 1 ¥ im 200 HEL colls were cultursd in 20
R b orin 20 for 3 clws, Cells weere then
" T ; = T . T trypanized and staired with monoclo-
i . i rpa
ol T SR Wl e Wl ankibodies specific for HLAAD20]
of & monomorphic spitope of HLA
HEL TN HBL-JOMFI class ||'I'|EH'|I'!||'i.'|1-ﬂi|'|5,I of cotnel re.
agents. b=an Aucrescence intensiti=s
HLA-A2 41A5 Ta {IAFl) of the specific stainings are also
LA dam | I a7 1207 rtEh'.‘ﬂ:Ed. Dﬂ'ﬂ rafer ta one reEpresen-
tative msperiment of 3 performed.
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FIGURE 7. Modubition of gere sspreszion in HEL cels cutbured in 30 a8 compared with 200 HEL cells wers cutbred in 200 or in 30 for 3
dayr. Total cellular BMA e then sxtracted, revere transcribed, and abeded a2 desenbed in Matsriaks and BAsthods prior to hybridization
o obgonuckctide dhips. Onby dherackerizsd genes digolying & = Mol upe or dosanregulation (old change) in sither cullurs condiions
are reported. Statistcal significanos (P < 0U05) refers to duplicate readings of data olotained From 2 diginct by bridization esperirnents 4,

Creemall rmodulation of gene espression. B and © refer o geres oo

or dosn-reguiated in 20 & compared with 20 cuthurss,

regoechivety. Geres whioss sspresion is modulsted upon 30 as comparsd with 20 culture ars fisted in O

oecding molecules myvalved m mewellular adbesion such &=
_;|1.u:||:l:r:mu] adhemon molecols 2 (TAM2, =22 fald up-regu |.u]-
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DISCUSSHOMN

A tumber of shadies indicate that CTLs namralhy
generaied o expanded durmg the clmeal course of mela-
warna or mduced by guecific vacomarion for wnrmunetherapy
purposes, are usually able @ recognize arget cells, ai leazt m
standard “m vt assays, "1 On the other hand. discrepan-
o= betareen deteotable umor specific immuee responses and
lack of chnical efecirreress represent frequent -:-bmlar.i:lns
m actrve specific mmurotherapy of melanoma. "

In ious work, we have -b:q:l:-md the effeces of
aulture aFﬂ‘W lamoma cella m 30 srolibechores on geme ex-

856

pression profiles. We showed that cullre of HAS cells
MCTE resulied m an mereased expresmon of genes encods
proangicgenic and me growth factors as compame
with standard 20 culres.”

Capitalizmg on this brere we hove ad-
dressed the effects of cul e of melanoma cells in 30 an ther
immumeresogniton by CTLs speaific for bdalan-AMMART-1
melasorna assoonated anngen. Asa mn:h-lut" lme. we choss
HBL cells charastenzed by o ligh expression of nwelanons
dafferemniation anhigens, frequenthy used as ongets m schve
specific munotherapy maks”

Colure of HEL cclls on F-:-|_'|I']-IE|'L“'..-IIHI:E-:| ]:-h:ll:il:-
surfoces resulis i the genetabon of colhalar a
displaying typical 30 feanues such as slow cel ]m:- d'u:-
ation.
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Immumorecognition of Melanome Cells im 50

Most smlangly, hewever, HBL cells culnared m 2D
ful o ke recognmed by Melon-AMART -l . . specific,
HLA-40201 resinoted, CTL clones. Inpmred recogmation
daes not appear to ke ralated to suctural corstmmis derreing
froma 30 architectures but raher to 0 decrensed expression of
both Melan-AMART-1 and HLA determinants, m 30 oul-
hures s compared with cells cultured m 200

Diefectrve immumorecogmtion of mmar cells oulhared
m 300 has been veported previcusly m renal and lung cam-
cer™” In both cases. however, nesther HLA mor specific
untigen expression was found o be affeoted by cell qulture
mesds ],

Fecemtly, it has been reported that culiure of melapama
cells at high concertrations in standard 21 -c-:-w:ﬁti-:-ni mmight
mgniveely affect Melan-AMART-1 expression,' ™™ due to
the effects of ot |east one soluble facter, later 1denibed =
oncostatn M. In this case, too, however, HLA enpression
wies ook nffegred.

Imyportnntly, o number of studies hove suggested tut
antigen speaific mmmatterapy could resalt m the immmes-
elction af tumor cell vanants fmling 1o express not enly
:Ipe-:iﬁ:- anhgens but, most rr|.'|;|:--:-TLa|T|.l:ilE restriction dekemm-
wmts. ™ Paradoxically, these sudies may support the mobon
of a |:||g|:| effectveress of the curment mmunzaton prots-

cola. ™ Our dats provide the first mdicaton that mere culrure
in 30 o the absemoe of specific mmmmosckeotive pressure,
may result in 8 dm-:egm-:-n not enby of HLA expresson
but also of o melmoma-associated mbgen, teveby profoumd by
uffecting tmmor ell i:u'mun:-m.'d:@itim by specific CTL.

We hove attempred to thoroughly explore differential
gene profiles m HEL cells culh.rre-fln eitber 20 or 30 by
oligonuclecnde chap hybodwabon. Altheugh the technol gy
provides amporiant weights, i proved to be meufhoenthy
genaitive m owur condifions, smoe, for memnce, Melm-AJ
MART-1 expression was not detectable i 20 oulured HEL.
The relabve insersivity, s compored with quanikatve
real-tme OB, 15 Likely relabed io the faci that standed
ahgemuclecnde chip bybndization & wsually pedfiormued after
o single cDMA hfication step only, s suggesed by
n:-tbeil;}“ alza E'-:-:agﬁpg on the u]:-rfﬂi-:-u:rn:-f T.ﬁ...'l..im '

Cuar data maight have porant climeal ap hications m
that they sugweat that grewth m 30 archatectunes signficanthy
nffects phenotypio and funotional charmoterstics of mmor
cells, thereby medulatmg thew capacity of bemg targeted by
u.nh,g,i:'n spc'-:lﬁc Mg responses. As o F-.:-I:enh OO -
querce, aotree opeeific minmmmotherapy might Likaly ke more
effectrve n the presence of nummal mmor bupden mther than
in the presence of establibed solid tumor masses ™
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Discussions

D EooerssowT: Thank you very much for presenting
this rather emceptioral weork 1 want to make the fallowing
CoMTETES,

This 13 a very mberesting study because we all knoow
that m vvo the problem in nelanoma and 0o number of
ctber hamors known to be anngenic is that tumeoms are char-
actemized by a high betercgenaity n mor-asscoiated anbigen
expression, and there 1z a kot of dewneregu lation. There are 2
sides of the equaton, both the HLA-restnioting miolesules and
the anbigen are dewn-regulbied, snd thete 15 hampered smii-
gem recognition, This may be one of the reasons why corre-
labiore between m wite dam and i vive resulis are bighly
chificult to imberpret, at least becouse m the mvitro monelaer
systern there 12 sn abundsmee of anbigen presentabicn.

The remarkable thing 15 that beve you have a olose to m
viva culture system that mduces dewm-regulabon of HLA
molegules md wmor-assooiated antigens at the gene and at
the protem level. Therefore, the reduced killing by oyitazic
T-lymiphacytes 15 not the result of sterc hindrances or aocess
problems.

At the sone tirne, you show that the ooe molecule thus
far 1demtified that can nedhate these types of down regula-
ticms, onecatatn b, 15 not playmg a role n your systern. You

mmst have a program nunming to identfy which novel mes-
senger nediates this dewn-regulation in your systern.

My first question is: 15 ther any emenging rew direc-
ticm i that parbcular part of your research?

Zscondly, what I meally do not undemnd = that after
4% hours. the cells that you ke ot of your sphercad culture
system amd you bring back te monalayers, sull are suppressed
in termes of antigen expression. T would predict normally that
weithin a rather short amcunt of tme 0 the absence of such a
suppresaive environment, they would restore their expression.
My question is: how much tirne does it take for the cells o
recover their origmal phemotype? Is 1t | week, 2 weeks or,
which 1T would not be able to beleve, 15 this forever? Are

there any ntracellilar nessengers wvolved 1 thas? 1 would
like io bear your cornment on that plesss.

m. GH0GH: Regardmg the first question, we are rying
to make gene profiling analysis usmg o hgonueleshide chips o
identify gene produces playimg key moles in these processes.

For exomip ke, junchonal adbesion molecule-2 might be
imvalved 1o the formaton of 3-dimensional stachre. We are
planming to use neumalimng anbbhodies to clanfy 1= ale.

Regarding your seocnd question, in cur hands, 1t 1ndeed
takes over 96 hours to vestore in oells from cherupred sphe-
roads & hlelon-AMART-1 expression comparable to that
detectable 10 cells qultured m momclayers.
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Abstract

Cancer cells growth in three-dimensional (3D) deatiures promotes resistance to
drugs, cytokines, or irradiation. We investigateifees of 3D culture as compared to
monolayers (2D) on melanoma cells recognition byduassociated antigen (TAA)-specific
HLA-A*0201-restricted cytotoxic T-Lymphocytes (CTL)

Culture of HBL, D10 (both HLA-A*0201+, TAA+) and N& (HLA-A*0201+, TAA-)
melanoma cell lines on polyHEMA-coated plates, ltesuin generation of 3D multicellular
tumor spheroids (MCTS) characterized by slow peodfion. IFNy production by HLA-
A*0201-restricted Melan-A/MART-3;.35 or gpl0Qgo2ssspecific CTL clones served as
marker for immunorecognition.

Co-culture with melanoma cells MCTS, resulted igngiicantly defective TAA
recognition by CTL as compared to 2D, as witnedsgdlecreased IFN-production and
decreased Fas Ligand, perforin and granzyme B gemession. We identified a multiplicity
of mechanisms potentially involved. First, MCP8r selimit CTL capacity of recognizing
HLA class | restricted antigens by reducing exposelll surfaces. Second, expression of
melanoma differentiation antigens is down-regulatetumor cell spheroids as compared to
2D unrelated to hypoxia or increased Oncostatindvlegexpression but rather to decreased
MITF gene expression. Third, expression of HLA sldsmolecules is frequently down-
regulated in melanoma MCTS, as compared to 2D, ilpgsdue to decreased IRF-1 gene
expression. Fourth, lactate production by melanoats is increased in MCTS, as compared
to 2D and lactate significantly inhibits TAA triggel IFNy production by CTL.

Taken together, our data suggest that melanoma gedwing in 3D, even in the
absence of immune selection, feature charactexisapable of dramatically inhibiting TAA
recognition by specific CTL.

Introduction

The identification of a large number of tumor asated antigens (TAA) (1) has raised
the hope of taking advantage of the enormous isered knowledge stemming from basic
immunology research to ameliorate the prognosiseafplastic diseases by active antigen
specific immunotherapy, i.e. by vaccination. Triaésed on diverse immunization procedures
have been performed in different types of cancdr@omising data have been reported (2-6).

Indeed, immune responses specific for TAA can beegded relatively easilyirf
vitro” and “in vivd’, as detectable by phenotypic and functional assklpwever, only in a
minority of patients showing evidence of successfuhunization, clinical responses are also
detectable.

Interestingly, experimental murine models indicétat tumor cells in suspension,
regardless of their numbers, are frequently undbleproduce life threatening cancer
outgrowth, as opposed to solid tumor fragments (Whjle inducing specific immune
responses. Thus, proliferation in structured aechitres appears to represent a pre-requisite
for cancer development.

In the human experimental setting, cytotoxicityagssor the functional monitoring of
clinical immunotherapy trials are usually performbg utilizing, as targets, cell lines,
frequently of lympho/myeloid origin, expressing apmriate HLA alleles upon pulsing with
specific peptides. TAA recognition may eventually bonfirmed by using, as additional
targets, tumor cell lines expressing specific HL&atminants and transcribing relevant TAA
encoding genes. Current protocols typically implg admixture of effector and target cells
pelleted together in culture wells. The lack ofretation between data obtainesh ‘vitro”
with these technologies and clinical data suggésts this model might not adequately
account for critical aspects of the interactionAsEn immunocompetent cells and cancers.
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Three-dimensional (3D) culture models have beereldged in the past decade,
aiming at exploring radio or chemoresistance ofdugells in ‘in vitro” assays more closely
related to In vivo’ conditions than standard monolayers (8). In patéir, multicellular tumor
spheroids (MTCS) have been suggested to accuredphgsent early events of avascular
tumor growth (9).

MCTS remindin vivo cancers in their capacity to develop necrotic @rea from
nutrient and oxygen supplies. Furthermore, cellsuced in MCTS are also similar to solid
tumors in their proliferation dynamics (10), sineedifference with monolayer cultures, they
fit the Gompertz equation, classically used to ¢tetively evaluate neoplastic growth (11).

Three-dimensional growth of tumor cefl vitro has been shown to affect antigen
recognition by specific CTL. For instance, tumofilirating lymphocytes capable of killing
autologous bladder tumor cells in 2D, failed toogize targets when cultured in 3D (12).
Similarly, a CTL clone specific for a mutatedactinin-4 peptide expressed by autologous
lung cancer cells poorly recognized targets growmgVICTS, possibly due to a down-
regulation of HSP70 expression (13).

Regarding melanoma, a cancer frequently targetedinrcal immunotherapy trials,
we recently showed that the architecture of tumelt growth determines specific gene
expression profiles, of potentially high functiorsanificance. Furthermore, we showed that
the recognition of a melanoma TAA by a specific Cdlane was impaired when target cells
were cultured in MCTS (14, 15).

These data suggest that antigen specific functi@uivities of CTL might be
significantly altered in the presence of tumor £ajfowing in multilayered architectures.
Underlying mechanisms, however, are still poorleistigated.

In this work we explored the molecular bases ofadimga recognition by CTL specific
for TAA of melanoma cells cultured in tri-dimensainarchitectures. We report that a
multiplicity of mechanisms ranging from structuhahdrances to down regulation of antigen
and HLA expression to lactic acid overproductiomaarently limit the susceptibility of
melanoma cells cultured in MCTS to the attack byATgpecific CTL.

Materials and Methods

Cell culture

NAS8 (courtesy of Dr. Jotereau, Nantes, France), HiBtH D10 cell lines (courtesy of
Dr. A. Eberle, Basel, Switzerland) derive from ns¢éic melanoma and have widely been
used in tumor immunology studies in the recent (pa6t18). They are all HLA-A*0201+.
However, while HBL and D10 express typical melanatiféerentiation TAA (1, 19), NA8
does not (1).

Cell lines were routinely passaged in conventioBBl cultures in RPMI 1640
supplemented with 10mM HEPES buffer, 1mM sodiumupgte, 2mM non-essential amino-
acids, 2mM glutamine, 10Qg/ml Kanamycin (Invitrogen, Carlsbad, California)dal10%
heat-inactivated FCS, hereafter referred to as tetmmedium.

Multicellular tumor spheroids (MTCS) were prepari@dU-bottom 96-wells plates
previously coated with 5@Qg/ml poly-2-hydroxyethylmethacrylate (polyHEMA, $ig, St.
Louis, MO) solution, preventing cell binding, assdebed (20). Cells proliferation was
measured by the alamarBlue™ Assay (Serotec, Oxtdig,(21).

CTL clones were generated from peripheral blood €DB cells of patients
undergoing active antigen specific immunotherapthi context of specific clinical trials, as
previously described (17, 18). Briefly, cells frdialk cultures showing evidence of antigen
specific cytotoxic activity, as detectable BYCr release assays, were cloned in 60 well
Terasaki plates (Nunc, Glostrup, Denmark) at 0.8 qeer well in 20ul volumes in the
presence of 10,000 irradiated allogenic PBMC/welRPMI 1640 supplemented with 10mM

114



HEPES buffer, 1mM sodium pyruvate, 2mM non-esséati@no-acids, 2mM glutamine, 100
pg/ml Kanamycin (Invitrogen, Carlsbad, California)da5% pooled human serum (RPMI-
HS), to which rIL-2 (200 units/ml) and purified glojremagglutinin (PHA, 0.pg/ml, Remel,
Dartford, UK) were added. After 14 days, wells wharell growth was microscopically
detectable were expanded in RPMI-HS supplementdd 100 units/ml rIL-2 and screened
for antigen specific cytotoxic activity BY/Cr realease assay. CTL clones were maintained in
RPMI-HS supplemented with 100 units/ml rIL-2 andtm@ulated periodically with PHA in
the presence of irradiated allogenic PBMC. All gssaported here were performed at least
one week after re-stimulation.

Chemotaxis assays

Migration assays were performed by using Costar@@dswell chemotaxis chambers
(Corning Costar Corporation, Cambridge, MA) witlu® and 3pm pore size polycarbonate
filters, for immature DC (iDC) and CD8+ T cellsspectively. Briefly, 60Qul of supernatant
of NA8 cells cultured in 2D or 3D, or as a negatemtrol, complete medium, were placed in
the lower wells. CD8+ peripheral blood T cells wererified by using magnetic beads
(Miltenyi Biotech, Bergisch Gladbach, Germany), wdes iDC were prepared by culturing
peripheral blood monocytes in the presence of Hrd GM-CSF, as previously detailed (22).
Upper wells of chemotactic chambers were loadeth W0 ul cell suspension of iDC or
CD8+ T cells at a concentration of 1 x’fil. Each condition was set up in duplicate. Plates
were kept at 37°C for 20 hours. Cells suspensimms the upper wells and cells migrated to
the lower wells through the filters were then octiéel, stained with specific mAbs and
counted by flow cytometry for a fixed defined tin€hemotactic index was determined by
dividing the number of cells migrated in the expemntal condition by the number of cells
migrated in the negative control cultures (mediurtyp

Confocal microscopy

Cells were stained with PKH26 red fluorescent teker (Sigma-Aldrich, St. Louis,
MO) following suppliers instructions, and cultured polyHEMA coated plates for 3 days to
form 30,000 cells MCTS. Total CD8+ T cells from hkg donors and CTL clones specific
for HLA-A*0201 restricted Melan-A/MART-1;35 epitope were stained with CFSE
(molecular Probes, Eugene, OR). Cells (E:T ratth5:1) were added to each MCTS and co-
cultured for 1 day. Confocal images for the evatmatof total CD8+ T cells or CTL
infiltration in NA8 and HBL MCTS respectively, werebtained using a laser-scanning
confocal microscope Zeiss LSM 510 (Carl Zeiss Mimiaging Inc., Thornwood, NY).

| FN- ydetection by ELISA

IFN-y production was used as antigen recognition as#ss/sarget/stimulator cells,
we used melanoma cells cultured in 2D or in MCTSL Gpecific for Melan-A/MART-1 or
gpl100, used as effectors, were co-cultured withetacells at 2.5:1 ratio for 24 hours. When
indicated, assays were performed by using, as ttakf@L cells previously cultured in
monolayers in the presence of 0-20mM lactate (Sigidaich, St. Louis, MO) for three days.
In all cases, supernatants were collected andyiBBeretion was measured by using human
IFN-y BD OptEIA™ ELISA Set (BD Biosciences, Franklin lesk NJ). All samples were
measured in duplicates.

Quantification of gene expression by quantitative Real-Time PCR

Cells were collected at the indicated time poimg washed in PBS. Surgical samples
from metastatic melanoma patients were disruptet! lmmogenized by sonication. Total
RNA were extracted using the RNeasy® Mini Kit pub (Qiagen, Basel, Switzerland),
treated by Deoxyribonuclease | (DNase 1) (Invitnog€arlsbad, California), and reverse
transcribed by using the Moloney Murine Leukemiaugi Reverse Transcriptase (M-MLV
RT, Invitrogen, Carlsbad, California). Quantitatneal-time PCR were performed in the ABI
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prism™ 7700 sequence detection system, using tda® Universal PCR Master Mix,
No AmpErase® UNG (both from Applied Biosystems, gter City, CA).

Specific gene expression was quantitated by ushe 2 'S method(23-26).
Normalization of gene expression was performedgu&8APDH as reference gene and data
were expressed as ratio to reference samples.

Primers and probes

Oncostatin M (OSM), IRF-1 and MITF primers and mshkare from pre-developed
assays (Assays-on-Demand, Gene Expression Pro(fyspdied Biosystems, Foster City,
CA)). Oligonucleotide primers and probes for c-mydgelan-A/MART-1, gpl00 and
tyrosinase were generated using appropriate sadtw@rimer Express™, Applied
Biosystems, Foster City, CA) from sequences obthfram the NCBI gene bank.

Furthermore, a number of sequences for primers @othes were derived from
existing literature, as indicated below.

GAPDH (27)

Fwd ATGGGGAAGGTGAAGGTCG

Rev TAAAAGCAGCCCTGGTGACC

Probe FAM-CGCCCAATACGACCAAATCCGTTGAC-TAMRA
FasL (28)

Fwd CCATTTAACAGGCAAGTCCAACT

Rev TCACTCCAGAAAGCAGGACAATT

Probe FAM-TCACTCCAGAAAGCAGGACAATT-TAMRA
Perforin (29)

Fwd TTCTACAGTTTCCATGTGGTACACACT

Rev GTGGGTGCCGTAGTTGGAGATA

Probe FAM-ACCCAGCCCGCCTACCTCAGGC-TAMRA
Granzyme B (30)

Fwd TCCTAAGAACTTCTCCAACGACACT

Rev GCACAGCTCTGGTCCGCT

Probe FAM-TGCTACTGCAGCTGGAGAGAAAGGCC-TAMRA
Melan-A/MART-1

Fwd TCTATGGTTACCCCAAGAAGGG

Rev GATCACTGTCAGGATGCCGA

Probe FAM-ACGGCTGAAGAGGCCGCTGGGAT-TAMRA
gpl00

Fwd TCCCCCTGGATTGTCTTCTG

Rev CTCAAATGCATCCCCCTCA

Probe FAM-CCCTGGACATTGTCCAGGGTATTGAAAGTGA-TAMRA
Tyrosinase

Fwd TTTGCCTGAGTTTGACCCAAT

Rev AGAGGCATCCGCTATCCCA

Probe FAM-TAGAAATACACTGGAAGGATTTGCTAGTCCACTTACTA-TAVIRA
c-myc

Fwd GCCACGTCTCCACACATCAG

Rev TCTTGGCAGCAGGATAGTCCTT

Probe FAM-ACGCAGCGCCTCCCTCCACTC-TAMRA

Flow cytometry analysis

HLA class | expression was quantified using FIT@jagated mAb specific for
HLA-A*0201 or a similar reagent specific for a npalymorphic determinant of HLA
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class | heavy chain (PharMingen, San Diego, CA)LHBL0 or NAS8 cells cultured in 2D
were collected using Trypsin-EDTA (Invitrogen, Gladd, CA) after 3 days culture.
Accordingly, MCTS obtained after 3 days culturereveisrupted by 5 min trypsinisation

at 37°C. Cells were then incubated with specificamtrol mAbs, for 45 min at 4°C in the
dark, washed twice in cold PBS, fixed 1 min in Famaaldehyde 1%, re-suspended in 200
Jl PBS, and analyzed on a FACSCalibur® cytometec{@eDickinson, Franklin Lakes,
NJ).

L actate measurement

Quantification of lactate production by melanombsce&as performed after 3 day cultures
in 2D or in 3D (30,000 cell density), using as initiaed enzyme biosensor, YSI 2300
STAT Glucose & Lactate analyzer (YSI, Yellow Spn@hio), following suppliers’
protocols.

Results

Morphological characterization and growth pattern of melanoma spheroids

Melanoma cells were routinely maintained in monetaf2D) cultures in complete
medium. Upon culture on 96-wells plates coated wilyHEMA preventing cell attachment
(20), they formed three-dimensional aggregatestibllular tumor spheroids (MCTS) of a
0.3 to 0.8 mm diameter contained from 5,000 to @D ,€ells, depending on their size (Figure
1A).

Consistent with previous results by our group (1%), proliferation kinetics of cells
cultured in 2D or 3D were dramatically differentat reported in figure 1B regarding D10
melanoma cell line as representative example, atei¢hat proliferation in 2D cultures
reached a plateau within 5 days, whereas, in cstntna major increases in cell numbers were
detectable in MCTS within 20 days of culture.

I mmature Dendritic Cellsand CD8+ T cells migrate in response to MCTS supernatants

Previous studies by us and others indicate thatotucells from melanoma and
colorectal cancer cell lines produce proinflammatcmemokines (22, 31, 32). For instance,
HBL cells express RANTES gene (22). Importantly, previously showed that culture in 3D
of NA8 cells significantly enhances the expressbdrCCL20, CXCL1 and IL-8 genes (14).
Receptors for these chemokines are largely exptessédC and CD8+ T cells (33-37).

Thus, chemoattraction by MCTS might reflect theeptiall chemoattractive capacity
of neoplastic tissues. Therefore, we assessedehtial chemotactic responsiveness of iDC
and CD8+ T cells to chemokines present in cultufgematants, using, as melanoma model,
NAS cells cultured in 2D or in MCTS (Figure 2A).

Addition of supernatants of cells growing in mana@rs to the lower part of a
transwell system induced migration of both iDC &othl CD8+ T cells, suggesting that NA8
cells constitutively produce chemotactic factams vitro. Most importantly, supernatants
derived from the same number of NA8 cells growimgiCTS induced a significant increase
in the migration of IDC and CD8+ T cells as compat® supernatants of their 2D
counterparts.

Morphology of the interaction between TAA specific CTL and melanoma cells cultured in
spheroids
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The above data suggested that melanoma cellscydarty if cultured in 3D are
characterized by a peculiar capacity of attracthklgC and CD8+ T cells. This ability
curiously contrasts with the relatively low effeghess of tumor specific immune responses
“in vivd. Puzzled by this discrepancy, we sought to ingas¢ the morphology of the
interaction between melanoma cells, IDC and, maogtortantly, CD8+ T cells, largely
responsible for tumor specific cytotoxic activities

NA8 (HLA-A*0201+, Melan-A/MART-1-) or HBL (HLA-A*0201+, Melan-
A/MART-1+) cells cultured as MCTS, iDC, total CD8+cells and HLA-A*0201-restricted
Melan-A/MART-1,7.35 specific CTL clones were labeled with differenidiochromes. NA8
cells were co-cultured with either iDC or total CD8 cells. Furthermore, HBL cells were
co-incubated for 24 hours together with TAA spec@iTL clones. Confocal microscopy was
then used to verify the consequences of this iotiera at morphological level. Typically,
iIDC, CD8+ T cells in general and TAA specific CTiLparticular were unable to penetrate in
deep the 3D architecture of MCTS but rather tertdegmain on their surfaces (Figure 2B).
These pictures closely reminded the “non briskiiltration of melanoma by T cells, as
frequently observed in clinical tumor specimens &8 (Figure 2C).

CTL clones display a differential capacity of renaing endogenously processed tumor
associated antigens in melanoma cells culturedonatayers or in MCTS of different sizes.

Lack of MCTS infiltration by TAA specific CTL hieid at a possible defective killing
of tumor cells cultured in spheroids. Indeed, giowt 3D architectures was previously
suggested to prevent the recognition of TAA by #fmeeffector T cells (12, 13, 15). We
intended to verify if similar events occur when ar@ma cells are cultured in MCTS and the
eventually underlying molecular mechanisms.

Percentages of TAA specific T cellsX vivd are extremely low, and usually do not
exceed 0.5% of total CD8+ T cells, at best (40usfho perform our studies in controlled
conditions, we again resorted to the use of antiggecific cloned T cells as effectors.
Importantly, CTL clones are far more efficient imst respect than T cells freshly obtained
from peripheral blood (41). Since tumor cells crdtiin 3D are unfit to serve as targets for
>ICr release assays, because washing steps regfigethbeling disrupt cells aggregates, we
turned to IFNy production by antigen specific T cells followingteraction with targets
expressing appropriate TAA and restriction deteemis, as a classical alternative antigen
recognition assay (42, 43).

HBL and D10 HLA-A*0201+ melanoma cells expressingltéh-A/MART-1 and
gp100 differentiation TAA cultured in 2D or 3D weunsed to stimulate IFN-production by
previously characterized specific CTL clones (1878 cells (HLA-A*0201+, TAA-) were
used as negative controls.

As expected, HBL and D10 cells cultured in 2D ingllihigh IFNy production in
gp10Qsp-288 Or Melan-A/MART-%7.35 specific CTL clones. In sharp contrast, considgrabl
lower amounts of cytokine were produced if CTL wstienulated with spheroids of 30,000
HBL or D10 target cells following 3 day culture 8D. Similar results were obtained in
independent experiments performed by using diftegei0Qgo-28s0r Melan-A/MART-1L7.35
specific, HLA-A*0201 restricted CTL clones, at difent E:T ratios. Representative data are
reported in figure 3A.

Elicitation of CTL functions relies on the expriess of an array of components of
their lytic machinery. For instance, CTL may kilhrough Fas pathway (44, 45), and
granzymes entering target cells (46-49) may rapioaidiuce their DNA fragmentation based
apoptosis (50, 51). Furthermore, perforin in theL@fanules plays a pivotal role in granule-
mediated killing (52-55). Thus, we also assessed. @inctions by evaluating FasL,
granzyme B and perforin gene expression in CTL wWaiced with melanoma target cells
growing in 2D or in MCTS (Figure 3B). As expectddieraction with targets Melan-
A/MART-1,7.3stHLA-A*0201+ cultured in 2D resulted in the expressof FasL, granzyme
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B and perforin genes in antigen specific CTL. Hoare\the expression of these genes was
significantly lower when effector cells were stiratdd by MCTS.

These data indicated that antigen recognition by €dn be impaired if target cells
are cultured in 3D, rather than in monolayers. Agilde explanation for this observation
could be offered by merely structural consideratioculture in spheroids may provide an
overall smaller cell surface accessible to CTLcktas compared to monolayers, resulting in
decreased activation of effector cells. To addtleississue, HBL cells were cultured in MCTS
and subsequently disaggregated. The resultingusfiensions were used to stimulate antigen
specific CTL. Melanoma cells from freshly disruptegheroids indeed induced IRN-
secretion in Melan-A/MART-%;.35 specific CTL clones, to intermediate levels bemvdese
induced by 2D or 3D cultured HBL (Figure 3C). Thessults indicate that the observed
impairment of antigen recognition by CTL is at keas part due the smaller cell surface
accessible to effectors, but cannot be exclusiastyibed to structural hindrances.

Melan-A/MART-1, gp100 and tyrosinase expression in HBL and D10 cells cultured in 2D
and 3D

Previous works suggest that high cell density imatayer cultures could affect TAA
expression (56). In an attempt to clarify molecutechanisms underlying our observations,
we addressed antigen expression in target cellsis,Tiwe comparatively explored the
expression not only of Melan-A/MART-1 and gpl100 lalgo of tyrosinase genes, encoding
differentiation antigens widely used in active speecmmunotherapy (18) in HBL and D10
melanoma cells cultured in either MCTS or converdld2D conditions. NA8 cells (1) were
used as negative control (Figure 4A).

Quantitative real-time PCR analysis revealed thBLFnd D10 cells cultured in MCTS
display a significantly lower<40%) expression of Melan-A/MART-1, gp100 and tynasie
differentiation TAA as compared to similar numbefs cells cultured in 2D conditions.
Importantly, this down-modulation was visible indays old spheroids, well before the
appearance of inner necrotic cores on days 10-42 5§71, 58). Most interestingly, it was
clearly related to cell density. Indeed the higldestn-regulation of the expression of genes
encoding differentiation TAA was detectable in gpids containing 30,000 melanoma cells,
whereas milder effects were recorded in 3D strestumcluding 5,000 tumor cells.

Interestingly, HBL and D10 cells from aggregatesrujpted by vigorous pipetting, and
subsequently cultured in monolayers could not recdaseline (2D) TAA gene expression
before 3-5 days (data not shown).

Since hypoxia may represent an early event in inrd&@TS layers, leading, as
reviewed previously (59, 60), to typical gene egpren profiles, we investigated whether it
could play a role in the down-regulation of the megsion of melanoma differentiation
antigens observed in spheroids. Monolayer cultaf&€s10 and HBL cell lines were incubated
in low (5%) pQ for three days and the expression of the genesgruimgestigation was
subsequently assessed. In no case we observedificaig down-modulation of melanoma
TAA in cells cultured in hypoxic conditions (datatrshown).

Taken together these data indicated that the aathie of cultures may regulate the
expression of melanoma differentiation antigensie@kdimensional cultures are frequently
assumed to be closer tm‘vivd’ conditions than standard monolayers. To validiaie model
we addressed the quantification of Melan-A/MART#daypl100 gene expression in surgical
specimens from metastatic melanoma patients.

Data from 11 clinical samples are displayed inrfggdB. In at least 5/11 cases, levels
of Melan-A/MART-1 gene expression were similarioge observed in 3D cultures at 30,000
cells density, namely from 2 to over 5 fold lowlean levels detectable in melanoma cells
cultured in monolayers. Regarding gpl00, with omxeeption (Me 60), specific gene
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expression was either undetectable (6/11) or, apysignificantly lower than that detectable
in 2D cultured HBL cells.

It has been recently reported that Oncostatin Mdpced by melanoma cells actively
down regulates Melan-A/MART-1 mRNA transcriptiorduting antigen silencing in tumor
cells (61). On the other hand, Melan-A/MART-1 amd @0 gene expression have been shown
to be transcriptionally controlled by microphtalraissociated transcription factor (MITF)
(62), the master regulator of melanocytic differatn.

We comparatively explored the expression of theegeancoding these soluble factors
potentially involved in the modulation of antigexpeession, in HBL, D10 and NA8
melanoma cells cultured in either MCTS or convamdla2D conditions (Figure 4C). While
Oncostatin M gene expression was not detectabka (uat shown), MITF gene expression
was down-regulated in the three cell lines undgestigation, when cultured in MCTS as
compared to 2D. These effects appeared to be eedlity dependent.

HLA modulation in different size spheroids

The expression of HLA class | molecules and, intipalar, of HLA-A*0201, the
allele restricting the immunodominant CTL respotsethe gpl00 and Melan-A/MART-1
epitopes under investigation, was also evaluatechéanoma cells cultured in MCTS as
compared to 2D. Figure 5A reports data from oneresgmtative experiment out of 3
performed. HBL MCTS (30,000 cells per spheroidspliiyed a significant (>5 fold) decrease
in HLA-A*0201 expression at the protein level, asrgpared to 2D cultures. Importantly, this
modulation did not appear to be allele specifingsisimilar results were obtained by using a
mADb specific for a monomorphic epitope on HLA clddseavy chain. This reduction also
appeared to be cell density dependent. Similadtesere observed with D10 MCTS with a
significant £2 fold) decrease in HLA molecules expression aspaoed to 2D cultures.

On the other hand, NA8 melanoma cells (HLA-A*0201FAA-) displayed a
divergent HLA modulation pattern as compared to HBid D10. Indeed, when cultured in
MCTS, NA8 showed significant fold) increases in HLA-A*0201 and overall HLA skl
expression, especially for a cell density of 5,080s per spheroids.

HLA class | gene expression is regulated by trapson factors of the Interferon
Regulating Factor (IRF) family (63), while c-mycshadeen shown to down-regulate HLA
class | expression in human melanoma (64).

Consistent with the HLA expression data observethatprotein level, IRF-1 gene
expression was also cell density dependently degmated in HBL and D10 cultured in
MCTS as compared to 2D. Accordingly, IRF-1 generegpion was up-regulated in NA8
MCTS in comparison with cells cultured in monolayer

On the other hand, surprisingly, c-myc expressias significantly down-regulated in
D10 and HBL spheroids, as compared to cells cudturanonolayer, but it was unaffected in
NAS8 spheroids (Figure 5B).

Role of lactic acid in the defective recognition A specific CTL of tumor cells cultured
in spheroids.

Recently, it has been shown that production oflacis enhanced in tumor cells
cultured in spheroids, as compared to monolayérs Bost importantly, lactate, at the
concentrations produced by tumor cells in thestimiconditions inhibits the proliferation of
antigen specific CTL lines co-cultured with autadog dendritic cells in the presence of
antigenic peptides (65). Prompted by this reporeweduated the production of lactic acid by
the melanoma cell lines under investigation anéventual role in the defective antigen
recognition by specific CTL.
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Culture of HBL cells in MCTS induced a >60% increas their lactate production
(Figure 6, panel A). More modest effects were detb D10 cells£15% increases). We
then performed our antigen recognition assays mguas targets HBL melanoma cells
cultured in 2D in the absence or in the presenggaded concentrations of exogenous
lactate.

Indeed, pre-exposure of target cells cultured in@Bxogenous lactate dose-
dependently inhibited antigen stimulated Ikgroduction by a Melan-a/MART >335 HLA-
A*0201 restricted CTL clone. However, cytokine puatlon was still significantly higher
than that induced by stimulating the same cloné WBL cell cultured in spheroids (Figure
6, panel B). Importantly, addition of exogenouddaée to melanoma cells cultured in
monolayers did not induce the down regulation efélkpression of melanoma differentiation
antigens (data not shown).

Discussion

The past decade has witnessed an unprecedented offasencer immunotherapy
trials, prompted by the identification of large noens of TAA and by major advances in
basic immunology. Most of these efforts have tadehetastatic melanoma. A large majority
of published reports suggest that a variety ofed#ht vaccination procedures are capable of
inducing TAA specific CTL in high percentages ofnmanized patients. However, clinical
responses are only detectable in a minority of thEhese data underline that even in the
presence of specific immune responses, tumors maglatively insensitive to their effects.

Molecular mechanisms underlying the discrepancywéet immunological and
clinical responsiveness to active antigen speaifimunotherapy have been investigated by
several groups.

Tumor escape from CTL recognition has been ateithub down-regulation of TAA
or HLA class | molecules expression (66) possil@gutting from the selection of resistant
variants in neoplastic cell populations exposedmmunological pressure. However, this
mechanism, whos@ vivo relevance is debated, might indirectly support ¢bacept of a
clinical efficacy of CTL induction, whose evidenisamostly missing (67).

More recently, the discrepancy between inductiomAA specific immune responses
and clinical responsiveness has also been attdbiateCTL defects. TAA specific T cells
sampledex vivo from tumor metastases have been shown to be gumie$68-70), and
characterized by an impaired capacity to produds-yFupon antigenic challenge. Still
unclear, however, is the role of the tumor ceflany, in inducing such state.

These reports urge the development of naveitro models utilizing human cells and
permitting controlled investigations of the interan between tumor cells and the immune
system.

Data from different groups, including ours, indedhat culture of tumor cells in tri-
dimensional structures modulates their gene exjoresprofiles and decreases their
susceptibility to the immune-mediated CTL attacth@lgh still unclear are the underlying
molecular mechanisms (14, 15).

Consistent with our previous report, showing a ificgnt up-regulation of genes
encoding CCL20, IL-8, CXCL1 chemokines in melanog®lls cultured in MCTS, as
compared to 2D (14), here we demonstrated the ¢hgimoattractive capacity of MCTS for
iDC and CD8+ T cells. Interestingly, however, iIDCD8+ T cells in general and TAA
specific CTL in particular, were unable to penatrat deep the 3D architecture of MCTS,
closely, reminding the “non brisk” infiltration ahelanoma by T cells observed in clinical
cancer tissues (38, 39). This lack of infiltratiop TAA specific CTL suggested a possible
defective killing of tumor cells cultured in sphate. Indeed, our study shows that lower
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amounts of IFNy are produced by CTL stimulated by melanoma cellsuced in MCTS as
compared to those cultured with tumor cell monalay@&he concept of impaired elicitation of
CTL functions was reinforced by decreases in Faglanzyme B and perforin gene
expression in antigen specific CTL when culturedhwMCTS as compared with their
counterparts cultured in 2D.

Our data indicate that a multiplicity of mechanisrosncur in decreasing the
susceptibility of melanoma cells cultured in MCSthe effects of antigen specific CTL, as
compared to cell monolayers.

First, tri-dimensional structureper se limit the capacity of effector cells of
recognizing HLA class | restricted antigens possiby merely reducing the cell surface
exposed to CTL. This mechanism, however, is onlgtigdlyy responsible for the impaired
antigen recognition since CTL cultured with melamooells from disrupted MCTS secreted
IFN-y at a level intermediate in between 2D and MCTS.

Second, the expression of melanoma differentiaiatigens is down-regulated in
tumor cells cultured in 3D as compared to monolkaykr our hands, this is neither related to
hypoxia nor to increased Oncostatin M gene expradsut rather to a decreased MITF gene
expression and to the high cell concentrationstetidoy culture in MCTS.

Third, the surface expression of HLA class | molesucan be down-regulated in
melanoma cells cultured in 3D, as compared to ttwinterparts in 2D.

These features have been detected relatively frelyuen clinical melanoma
specimen. Their occurrence has been attributeldet@titgrowth of cancer cells characterized
by low expression of TAA and/or restricting HLA skl determinants following exposure of
tumors to immunoselective pressures (66). Howexardata suggest that a low expression of
HLA class | molecules and at least of melanomeedtfftiation antigens in tumors, could be
inherent in their tri-dimensional growth, even imetabsence of an exogenous immune
pressure.

Fourth and finally, lactic acid production by medama cells is increased if they are
cultured in MCTS, as compared to monolayer cultuaes lactate significantly inhibits TAA
triggered IFNy production by specific CTL. Consistent with prevsoreports (71), these
effects appear to be mediated by functional infwbitof effector cells, since no down-
regulation of TAA expression is detectable in melaa cells cultured in these conditions.
Interestingly, lactic acid produced within melanoaral prostate cancer MCTS has also been
shown to impair the phenotypic and functional meaiion of infiltrating dendritic cells
thereby inhibiting their antigen presenting capagitl).

Most importantly, none of these mechanisms alorable to entirely account for the
inhibition of antigen recognition by specific CTtetectable upon culture in the presence of
melanoma cells cultured in 3D, as opposed to 2DeirThombination, however, elicits
powerful inhibitory effects.

We are fully aware of the fact that culture of nmelaa cell lines in 3D might only
partially reflect the complexity of solid tumors w#doping in vivo. However, the clear
discrepancy between data obtained by applying tquaks of current use for thie vitro
detection of antitumor responses and clinical awigeurges the development of alternative
experimental models. MCTS may then qualify as tetdgy of choice for the screening not
only of novel drugs, but also of immune-mediat leerapeutic procedures.

Further research is warranted to explore in thistroled in vitro model the
consequences on effector cells of their interactidh tumor cells growing in tri-dimensional
architectures, as opposed to monolayers or in sggpe

Importantly, providing a molecular background tal@spread clinical experience, our
data suggest that the effectiveness of anti-tummmune response may largely depend not
only on affinity and functional capacities of effec cells, but also on the structural
characteristics of the growth of cancer cells, eatihan on their mere numbers and strongly
support the use of active antigen specific immuesaies in minimal residual disease states.
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Figure legends

Figure 1. Generation and characterization of meiltitar tumor spheroids (MCTS) of melanoma cells.

A. 5,000 and 30,000 melanoma cells (NA8, HBL, and )Ddére cultured on polyHEMA
coated plates to prevent cell attachment for 3 daglting in the formation of MTCS of an
average of 300 to 8Q@m diameter.

B. D10 cells proliferation was evaluated by alamaeBtu Assay (Serotec, Oxford, UK).
Divergent kinetics were detectable for D10 cellguwed in monolayer (2D) or MCTS (3D).
Similar results were observed for NA8 (14) and Hillls (15).

Figure 2: Chemotactic responses of immunocompetent cells to melanoma cells cultured in

2D or in MCTS.

(A.) Differential chemotactic responses of immatureDendritic Cells and total CD8+ T
cells to supernatants of NA8 cells cultured in 2D roin MCTS. The chemotactic
responsiveness of iDC and total CD8+ T cells toesugtants of NA8 cells cultured in 2D or
in MCTS was tested by using 24-well chemotaxis dbensu Monocyte-derived iDC or
purified total CD8+ T cells (f0cells) resuspended in medium were loaded intouther
wells and supernatants of NA8 cells cultured in&@Dn 3D were placed in lower chambers,
in duplicates. Cells migrated through the filtethie lower wells were collected after 20 hours
incubation and counted by flow cytometry. Data réga refer to one representative
experiment out of three independently performedh siiilar results.

(B.) Infiltration of melanoma MCTS by iDC, total CD8+ T cells and antigen specific
CTL clone. NA8 and HBL cells were stained with PKH26 red floonrome and cultured on
polyHEMA coated plates for 3 days to form 30,00DscRICTS. Immature DC, total CD8+ T
cells from a healthy donor and a CTL clone spedific HLA-A*0201 restricted Melan-
A/MART-1,7.35 epitope were labeled with CFSE. Cells were addeal 2.5:1 ratio to each
MCTS and co-cultured for 24 hours. Immature DCalt@D8+ T cells and CTL infiltration in
NA8 and HBL MCTS, respectively, was analyzed byfooal microscopy.

(C.) ,Non brisk* infiltration of tumor biopsies by T cells. HE staining of a representative
metastatic melanoma specimen showing evidenceaf bmisk” infiltration by lymphocytes,
limited to peripheral areas of the neoplastic cutgh.

Figure 3. Functionality of TAA specific CTL is impaired if target melanoma cells are
culturedin MCTS.
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(A.) IFN-y secretion by CTL clones upon stimulation with HBL, D10 or NAS8 cells
cultured in 2D or in MCTS. CTL clones specific for HLA-A*0201 restricted gp1@8zssor
Melan-A/MART-1,;.35 epitopes and displaying corresponding tetramedibgqprofiles (right
panels) were co-incubated for 24 hours at 2.5:1r&tib in the presence of similar numbers
of HBL or D10 melanoma cells (HLA-A*0201+,gp100+,Me-A/MART-1+), cultured in 2D
(C1) or in 3D @). IFN-y secretion was measured by ELISA in culture sugants. Data are
reported as average of triplicate measurements.

(B.) FasL, perforin and granzyme B gene expressiom CTL stimulated by 2D or 3D
cultured HBL. Cells from a CTL clone specific for HLA-A*0201 rnested Melan-
A/MART-1,7.35 epitope were co-cultured for 24 hours at 2.5:1 Eafio in the presence of
HBL melanoma cells cultured in 2D1j or in 3D @). Total cellular RNA was extracted and
reverse transcribed. FasL, perforin and granzymegeBe expression were analyzed by
guantitative real-time PCR. Data were expresseadtasto 2D sample.

(C.) IFN-y secretion by CTL cultured with HBL cells from intact or disrupted MCTS.
Cells from a CTL clone specific for HLA-A*0201 rested Melan-A/MART-%7.35 epitope
were stimulated for 24 hours at 2.5:1 E:T ratiotle presence of HBL melanoma cells
cultured in 2D (), in 3D @) or following MCTS disruption §). IFN-y secretion was
measured by ELISA in culture supernatants. Datarepmorted as average of triplicate

measurements.

Figure 4. TAA expression in melanoma cells cultureth 2D or in MCTS.

(A.) Melan-A/MART-1, gp100 and tyrosinase gene @gsion in melanoma cells cultured in
2D or in MCTS at different cell densities. HBL aBd 0 cells were cultured for three days in
monolayer or in 3D at different cell densities (B0and 30,000 cells). Total cellular RNA
was extracted, reverse transcribed. Melan-A/MAR 11,00 and Tyrosinase gene expression
were analyzed by quantitative real-time PCR. Datarewexpressed as ratio to the
corresponding 2D sample. NAS8 cells, known to beatigg for TAA expression, were used as

negative control.

(B.) Melan-A/MART-1 and gp100 gene expression inanema biopsies. Surgical specimens
from metastatic melanoma patients were mechanicdidyupted and homogenized by
sonication. Total cellular RNA was extracted anekeree transcribed. Melan-A/MART-1 and
gp100 gene expression were analyzed by quantitetizletime PCR. Data are expressed as
ratio to the expression of the same genes by HBE caltured in 2D. NAS8 cells were used

as negative control.

129



(C.) MITF gene expression in melanoma cells cutture 2D or in MCTS at different cell
densities. Melanoma cells (HBL, D10 and NA8) weunéiwred for 3 days in 2D() or in 3D
(™: 5,000 cells M: 30,000 cells). Gene expression was analyzed layntgative real-time
PCR. Data are expressed by using, as referenceifispgene expression observed in the

corresponding 2D sample.

Figure5. HLA class| expression in melanoma cells cultured in 2D or in MCTS.

(A.) Flow cytometric analysis of HLA-A*0201 and HLA Class | expression in melanoma
cells cultured in 2D or in MCTS at different cell densities.HBL, D10 and NAS8 cells were
cultured for 7 days in 2DL{) or in 3D (®: 5,000 cells M: 30,000 cells). Cells were then
harvested, and aggregates were disrupted by viggipetting and trypsinisation. Cells were
stained either with control antibodies or with mAlbscognizing HLA-A*0201 or a
monomorphic epitope on HLA class | heavy chainde®t mean fluorescence intensities
were calculated by subtracting values deriving frasotype control staining from
experimental values.

(B.) Expression of c-myc and IRF-1 genes in melanantells cultured in 2D or in MCTS

at different cell densities.HBL, D10 or NAS8 cells were cultured for 3 days2b (LJ) or in
3D (™: 5,000 cells H: 30,000 cells). Gene expression was analyzed bytgative real-time
PCR and results are expressed as ratio to spegdite expression observed in the

corresponding 2D sample, used as reference.

Figure 6. Lactic acid production by tumor cells cultured in different conditions and itsrole

in antigen recognition by CTL.

(A.) Lactic acid production by melanoma cells cultwed in 2D or in 3D. HBL and D10
cells were cultured in standard monolayers or in T8C(30,000 cells) for 3 days.
Supernatants were then harvested and their lagiiccantent was measured as described in
“materials and methods”.

(B.) Effects of lactate on antigen recognition by CTLCTL from a MelanA/MART-2%7.35
specific HLA-A*0201 restricted clone were co-inctdad with HBL melanoma cells cultured

in 2D () or 3D @), as indicated, in the presence of lactate ainttieated concentrations.
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Figure 1. Generation and characterization of multiellular tumor spheroids (MCTS)
of melanoma cells.
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Figure 2. Chemotactic responses of immunocompetecells to melanoma cell
cultured in 2D or in MCTS.
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Figure 3. Functionality of TAA specific CTL is impaired if target melanoma cells
are cultured in MCTS.
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Figure 6. Lactic acid production by tumor cells cutured in
different conditions and its role in antigen recogition by CTL.
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based nonwoven matrix showed enhanced saline veditgorption and retention
capacity, better adhesion prevention compared dndsird commercially available
alginate wound dressing products. Air permeabtlipugh the dressing was similar
to the commercial product.

Department of Textile Technology & Centre of Bioriwadl Engineering, I.1.T. Delhi

Under supervision of Prof. Manjeet Jassaf.”xlok R Ray- from December
2000 to December 2001

(i) TOEFL score: 253/ 300 (Computer based)
TWE score: 5.5/ 6 (Date of Exam™@ecember, 2001)

(i) Working knowledge in Matlab, Systat, Hyperchéused for conformation study
of macromolecules, or structure of DNA), Genespidr({for DNA Microarray study)

(i) Multiple mechanisms underlie defective recognition of melanoma cells cultured
in three-dimensional architectures by antigen specific cytotoxic T lymphocytes
S Ghosh et al, in communication

(i) Culture of melanoma cells in three-dimensional architectures results in
impaired immunorecognition by cytotoxic T lymphocytes specific for Melan-A
/IMART-1 tumor associated antigen

S Ghosh, R Rosenthal, P Zajac, WP Wdb&ertli, M Heberer, | Martin,
GC Spagnoli, A Reschner, Annals of Surgery, 20d2(@):851-8

(iif) Three-dimensional culture of melanoma cells profoundly affects gene
expression profile: A high density oligonucleotide array study

S Ghosh, GC Spagnoli, | Martin, S Ber¢, P Demougin, M Heberer, A
Reschner, Journal of Cellular Physiology, 20084(2):522-31

(iv) Use of Polysaccharide fibresin wound dressing-
S Ghosh, M Jassal, Indian Journal of Fibre & Tex®esearch , 2002, 27(4),
434-450

(v) Aramid Fibres: an over view-

M Jassal, S Ghosh, Indian Journal bfd-i& Textile Research , 2002, 27(3),
290-306
(vi) Packing fraction, Porosity and Diameter of Textileyarn: revisited

SK Biswas, S Ghosh, Golden Jubilee Yaarlication (2000-2001), Institute
of Jute Technology, Kolkata

(vii) Medical Textiles: a new horizon to explore-
S Ghosh, The Indian Textile Jourri2000, 110 (6), 10-14
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Oral
presentations
in Intemational
conferences

Poster
presentation

Patent

(i) Culture of melanoma cells in three dimensional architectures results in
impaired immunorecognition by antigen specific cytotoxic T lymphocytes

Conference of American Association of Immunologi&sston, USA, 12-16
May, 2006

(i) Culture of melanoma cells in three dimensional architectures results in
impaired immunorecognition by cytotoxic T lymphocytes specific for Melan-A
/IMART-1 tumor associated antigen

Conference of European Surgical Association, StolckhSweden, 728 April,
2005

(i) Novel polymeric scaffolds for Bone and Cartilage Tissue Engineering-
International Conference on emerging trends infehg & Textiles, IIT Delhi, New
Delhi, India, 7-8 January, 2005

(iv) Three-dimensional culture of melanoma cells profoundly affects gene
expression profile

International conference on Tumor microenvironmeRrogression,
Therapy and Prevention, Prague, Czech Republi¢sf@ctober, 2004

(v) Development of an Alginate-based wound dressing material
International Conference on “Innovations & Challeagn Medical Material”,
[.I.T., Madras, India, Nov, 2001

(i) Culture of melanoma cells in three dimensional architectures results in
impaired immunorecognition by antigen specific cytotoxic T lymphocytes
Biovalley Life Sciences Week 2006, Basel, Switzadlal 7" Oct, 2006

(i) Culture of melanoma cells in three dimensional architectures results in
impaired immunorecognition by antigen specific cytotoxic T lymphocytes

Conference of American Association of Immunologi&sston, USA, 12-16
May 2006

(iif) Development of Alginate based wound dressing material
S Ghosh, M Jassal, AR Ray, International Confezem Polymers, 78
January, 2005, Dept of Textile Technology, IIT Delh

(iv) A novel Alginate-based hydrogel as post-surgical adhesion preventive material
S Ghosh, M Jassal, AR Ray, Conference of S#xiety of Biomedical
Engineering, 2 -39 September, ETH Zirich, Switzerland

(v) Multicellular spheroid culture system represents a better model than monolayer
culture for studying melanoma development in vitro.

S Ghosh, GC Spagnoli, | Martin, M Heberer, AsBhner, Conference of Swiss
Society of Biomedical Engineering’®23 September, ETH Zirich, Switzerland

Preparation of a new Alginate-based wound dressiaigrial:
Indian Patent 736/DEL/2002 filed on 11th July , 200
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Invited lecture () Generation of 3D melanoma tumor model, simulating typical tumor

& other
presentations

Interests &
activities

microenvironment.
Dept of Material Scienc8wiss Federal Inst of Technology, Lausanne (EPFL),
Sept 2005

(i) Application of DNA Microarray technique to study tumor progression using in
vitro three dimensional tumor model system
Centre of Biomedical Engineering, I.I.T., Delhipdary, 2005

(i) Preparation of a novel Alginate-based wound dressing material
First Prize in Tryst-2001, arranged by L.I.T., Oeldll India Technical paper
presentation contest, Biomedical & Biotechnologgties

(iv) A modification of conventional Rotor Spinning Machine-
First prize in Bhavana Soni Contest, 1999- arrdnigye Textile Engineering
Society, Department of Textile Technology, IIT (Bl

(v) Ecofriendly Textiles- labeling and relevant approaches of processing-
Selected in Textvision-2000, a paper presentatmmtest, held by D.K.T.E.
Society’s Textile and Engineering Institute, Icleabnji, Maharastra, India.

(vi) Design of the Artificial Wearable Human Lung-
Participated in Bhavana Soni Contest, 2000, agarxy Textile Engineering
Society, Department of Textile Technology, IIT (Bl

(vii) Design of a new generation wound dressing-
First Prize in Bhavana Soni Contest , 2000.

(viii) Waste disposal in Indian metro cities-

Paper presented in Tryst-2000, Technical Papeseptation contest, I.I.T.,
Delhi
(ix) Optimisation of bleaching process of jute using Scourex-

Paper presented in Tryst-2000, Technical Papeseptation contest, I.I.T.,
Delhi

(x) A simple method of estimating arsenic from water sample and vivisection-
Acknowledged byCentre for Cellular and Molecular Biology (CCMB),
Hyderabad, India (1995)

(xi) Effect of Melanoma tumor architecture on Immourecognition
3 International symposium on the Clinical use ofl@at Products, Regensburg,
Germany, 17-18 March, 2005 (presented by A. Reschner)

(xii) Effect of Melanoma tumor architecture on Imnadrecognition
Annual Meeting of American College of Surgeons, Bancisco, % Oct. 2005
(presented by M. Bolli)

Painting, reading about various subjects, swimntirayelling, social works -
« former representative of Maxfoundation (www.thefoaxdation.org) in India
* volunteer of Cancer Patients Aid Association, éndi
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Research grant (i) Fellowship for Prospective ResearchersSwiss National Science Foundation,

or 2006
A‘"af"s (i) Teaching assistantshigor three semesters in 2000-2001 in Textile Techgyl
recelved Department, IIT Delhi

(iii) First prize in All India Technical paper prstation contesiryst-2001, I.I.T.
Delhi

(iv) First prize inBhavana Soni Contest{National level Machine Desigrontest)
[.1.T. Delhi, 1999

(v) Graduate Aptitude Test in Engineering (GATE)scholarship (88.65
percentile), 1999

(vi) National Scholarship and certificate of Merit(Ministry of H.R.D., West
Bengal Government) for Madhyamik Examination, 1989

141



