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“The best-laid plans of mice and men,
go oft awry”

“To a mouse” by Robert Burns
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SVENSK POPULARVETENSKAPLIG SAMMANFATTNING

Introduktion

Den vanligaste formen av maligna gliom, Glioblastoma Multiforme (GBM), ér ocks& den mest
elakartade typen av hjarntumér hos vuxna. Tumérens infiltrativa vixtsitt i omkringliggande,
normal hjirnvivnad gér att kirurgisk behandling aldrig kan bli radikal utan enbart minska
tumérbsrdan. GBM dr dessutom till hég grad resistent mot bade strélning och cytostatika. Det
ir mycket ovanligt att man kan bota patienter med GBM, dérfér 4r det av stort intresse att hitta
nya behandlingsformer.

Experimentell gliommodell { mus, GL261

Vi har utvecklat en immunterapi mot ett intracerebralt vixande gliom i mus. Musgliomceller, s.k.
GL261-celler (GL-wt), inokuleras i hjarnan dag 0. Obehandlade, dér dessa méss inom 20 dagar,
pga. den aggressivt vixande tuméren i hjirnan. Med start dag 1 och dérefter varannan vecka,
vaccinerar vi de tumérbirande méssen 1 buken med rekombinant interferon-gamma (IFNY)
tillsammans med GL261-celler genetiskt modifierade att producera granulocyt macrophage-

colony stimulating factor (GM-CSF) (s4 kallade GL-GM celler).

Immunterapi med GM-CSF och IFNY forotirker immunovaret

D4 méssen vaccineras attraheras de antigen presenterande cellerna (dendritiska cellerna) till
vaccineringsplatsen. De dendritiska cellerna fingar upp de vaccinerade tumércellerna. De
dendritiska cellernas utmognad paskyndas ytterligare av nirvaron av GM-CSF och IFNy.
Dérefter migrerar de dendritiska cellerna till de nérliggande sekundéra lymfoida organen (mjélte,
lymftkortlar) diar T-cellsaktiveringen sker. De dendritiska cellerna visar upp de uppféngade
tumércellsproteinerna fér naiva T-celler. Dessa naiva T-celler kan d& aktiveras till effektor
T-celler, dvs. tumsravdédande CD4* T hjilpar celler och cytotoxiska CD8* T-celler, som bl.a.
kan producera IFNY. Dessa tuméravdédande T-celler migrerar sedan till hjirntuméren. Effektor
T-cellerna kénner dir igen hjirntumércellerna och kan avdéda dessa via olika cytotoxiska
mekanismer. Direkt tuméravdédande immunceller &r férutom T-cellerna dessutom makrofager

och NK-celler.

Immunforsvaret motverkas av tumdren genom (mmunsuppression

Immunférsvaret motverkas ddremot av att tuméren utvecklar flera immunosuppressiva metoder
under dess tillvixt. T.ex. kan tuméren inducera s kallade myeloida suppressor-celler (MDSCs).
MDSCs &r en blandad omogen cellpopulation som, beroende pa olika vilka faktorer som finns
nirvarandeidess miljs, har fsSrmagan att mogna uttill flera olika celltyper (makrofager, dendritiska
celler och granulocyter). S& linge MDSCs inte har mognat ut motverkar de immunférsvaret,
bl.a. genom att stimulera bildningen av himmande T-celler, s& kallade regulatoriska T-celler. Det
ar vilkint att tuméren utséndrar himmande faktorer som kan 6ka mingden immunohdmmande
celler bade i tuméren s&vil som i de lymfoida organen. Dessa celler blockerar immunlogiska
aktiviteter riktade mot tuméren, vilket gynnar tumértillvixten.
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Denna immunhidmning 4r inte konstant. Med immunterapi kan vi foérdndra den
immunohdmmande miljén genom att t.ex. mogna ut den omogna populationen av MDSCs till
aktiva dendritiska celler. De aktiverade cytotoxiska T-celler kan ocksa, férutom att vara direkt
tuméravdédande, dessutom forstiarka utmognaden frén immunohimmande MDSCs till tumér-
avdédande makrofager. Denna effekt som de cytotoxiska T-celler har pA MDSCs ir viktig bade
i de lymfoida organen sd vil som i och kring tuméren fér att forstirka det tumsravdsdande

Immunsvaret.

Inflode ay immunceller ¢ tuméoren

Okat inflsde av immunceller i tuméren efter immunterapi associeras ofta med en god prognos.
Med avseende pd vad de producerar for faktorer har infiltration av makrofager i tuméren visats
antingen kunna gynna tumértillvixt eller verka tuméravdédande. Makrofager i tumérer med
en hég produktion av proteinet tumor necrosis factor alpha (TNFa) har visat sig vara effektiva
tuméravdédande immunceller For att kunna pavisa att CD8* och CD4* T-celler i tuméren
ir cytotoxiska T-celler och inte regulatoriska T-celler méste deras funktion som tex deras
forméga att dela sig och IFNY-produktion studeras. Genom att bara titta pa utseendet och inte
funktionen av immunceller vet vi inte vilken roll de spelar, dvs. om de dr tuméravdsdande eller
immunhidmmande.

Delarbeten

Arbete I

I det férsta arbetet etablerar vi vAr immunterapi dédr vi kombinerar bAde GM-CSF producerande
tumérceller och proteinet IFNY i vart vaccin till méss med hjarntumérer. Vi visar att méss med
gliom som vaccineras med GM-CSF och IFNydag 1 efter att tuméren satts in har en 6verlevnad
p& nistan 90 % och vi far dessutom en forstirkande effekt av &verlevnaden nir vi kombinerar
de bada cytokinerna GM-CSF och IFNY. Nir vi tittar i tuméren efter vaccinering ser vi ett Skat
infléde av makrofager.

Arbete IT

I arbete II vill vi underséka immunsvaret som uppstér efter vaccineringen med GM-CSF och
IFNY. Efter férsta vaccineringen med GM-CSF och IFNYser vi primért att de omogna MDSCs
skar i de lymfoida organen. Daremot har dessa celler mognat ut till dendritiska celler efter andra
vaccineringen. T-cellerna i dessa lymfoida organ har en hég tuméravdsdande aktivitet. Nar vi
vaccinerar méss, som inte har ndgra T-celler, med GM-CSF och IFNY éverlever ingen. Dvs.
T-cellerna dr av yttersta vikt for att utfora tumércellsavdsdning. Vaccinering med GM-CSF och
IFNY framkallade dessutom ett immunologiskt minne eftersom méss som blivit vaccinerade och
ddrmed &verlevt sin forsta tumér dven Sverlevde sin andra tumér utan nigra nya vaccineringar.
I detta arbete avslutar vi med att visa att vaccineringen ocksd gav en &verlevnad mot redan
etablerade tumérer.

Arbete IT1

I arbete I1 vill vi studera immunsvaret i tuméren och i de lymfoida organ som drénerar tuméren.
Vi ser att vaccinering med bara GM-CSF skar mangden MDSCs och regulatoriska T-celler i de

drinerande lymfoida organen jaimfort med nér vi tillsdtter IFNY till vart vaccin. Dvs. vi minskar
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den hammande miljén runt tuméren. Antalet T-celler 6kar efter vaccinering med GM-CSF och
IFNY. IFNY som produceras av aktiverade T-celler kan aktivera produktionen av TNFa. fran
makrofager i tuméren. Nér vi underssker makrofagerna i tuméren ser vi att fler makrofager
producerar TNFa. efter vaccinering med GM-CSF och IFNY, vilket &r viktigt fér att mediera
déda tumérceller.

Arbete IV

Baserat pd tidigare studier, didr rattor med malignt gliom behandlats med IFNYy baserad
immunterapi, har en klinisk fas I studie startats. 8 patienter med GBM har behandlats och dessa
hade en férlingd 6verlevnad (jamfért med en relevant kontroll grupp) efter att de vaccinerats
med de egna tumércellerna som genetiskt fordndrats s att de producerar IFNY. I arbete IV
ville vi undersska tva laborativa metoder (ELIspot och CBA) fér att mita det immunsvar som
uppstdr hos patienternas fore och under behandlingen och eventuellt kunna jimféra detta
med &verlevnadslingd. Med dessa tekniker kunde vi uppmita férhsjda nivder av IFNY ifrdn
immunceller hos de patienter som hade de 6verlevde lingst efter immunterapibehandlingen.
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AIMS

The general aims with this thesis was to improve our existing IFNY based immunotherapy as
well as monitor the immune responses elicited by the immunotherapy.

Specific aims were:

e  To establish GM-CSF and IFNYy based immunotherapy in the mouse glioma model
GL261 (Paper I)

e To elucidate the mechanisms behind the combined therapy by monitoring the systemic
as well as intratumoral immune responses elicited by the combined treatment of GM-
CSF and IFNY, leading to the synergistically enhanced survival (Manuscript IT and
).

e To assess whether the iz vitro assays ELIspot and CBA were feasible for monitoring the
immune responses elicited in patients with GBM receiving IFNYbased immunotherapy

(Manuscript 1V).
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GLIOBLASTOMA MULTIFORME

Introduction to Glioblastoma Multiforme

Gliomas comprise a group of primary brain tumors that develop from cells of a glial origin in the
central nervous system (CNS) including astrocytomas, oligodendrogliomas and ependymomas.
Among the gliomas, the Glioblastoma Multiforme (GBM), of an astrocytic origin, is the most
aggressive brain tumor. According to the I-IV world health organization (WHO) grading
system (“malignancy scale”) of CNS brain tumors, GBM accounts as a grade IV neoplasm.
Grade IV include the following characteristics highly malignant, aggressive growth pattern and
necrosis-prone neoplasm, associated with a rapid development of the disease often followed by
a fatal outcome. GBM is usually localized in the white matter of the cerebral hemispheres, most
Frequently in the frontal lobes. The symptoms are due to focal tissue damage, local edema and
increased intracranial pressure and are therefore diverging, depending on the localization of
tumor. Common symptoms are headache, nausea, focal neurological deficits (visual impairment)
and epileptic seizures (1, 2).

GBM is the most common of the primary brain tumors in adults, representing almost 15% of
all intracranial neoplasms and 60-75% of all brain tumors of astrocytic origin (1). The incidence
rate 1s 3-4 new cases per 100 000 per year (1). Despite current treatment encompassing surgery,
radiotherapy and chemotherapy, the median survival rate is still very poor, between 12-15
months with a two-year survival approaching zero (3). The reasons behind this poor outcome
are several. The growth pattern of GBM is rapid and invasive and the tumor infiltrates into the
surrounding tissues, making it impossible for a complete surgical resection of the tumor. GBM
is also known to be highly resistant towards therapy due to poor drug delivery over the partial
blood-brain barrier (BBB), genomic instability, the presence of a neural stem cell-like population
of cells harboring resistance mechanisms and efficient DNA-repair mechanisms abrogating the
effects of chemo- and radiotherapy (4-7). Several studies have also shown that patients with
GBM are immunosuppressed. The tumor itself produces factors down-modulating the immune
response, leading to tumor immune escape.

Experimental mouse glioma models

Experimental animal models are a prerequisite for the testing of new treatment modalities. For
this reason there are several models developed in mice. There are xenograft models available
where human brain tumor cell-lines are transplanted into immunodefficient mice. However due
to the lack of a functional immune system in this mouse strain, these models are not optimal
for the development of new treatment modalities, including immunotherapy. Transgenic models
are optimal for the study of genes involved in the development and establishment of glioma.
Spontaneous tumors do occur, although very rarely in animals kept in the laboratory. However
the inbred mouse strain VM/Dk spontaneously developed astrocytomas, from which two cell-
lines have been established, SMA-497 and SMA-560. These cell-lines share common features of
human GBM when implanted intracerebrally (i.c.) into syngeneic mice (8, 9).

GL261 mouve glioma model

The mouse glioma model, GL261, was initially induced in the 1930s by implanting the carcinogen
methylcolanthrene (MCA) into the brains of mice of a C57Bl/6 background (10). The brain
tumor that deve]oped was passaged through subcutaneous implantation several times and later
established as a cell-line that could be grown and maintained ¢n ¢itro and implanted i.c. into
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syngeneic mice (11). Due to the induction mode of the tumor by using MCA, it is debated
whether or not this tumor has a glial origin. Probably, the serial passages performed when
establishing the tumor cell line is the reason behind the lack of glial fibrillary acidic protein
(GFAP) expression on the GL261 cells. GFAP expression is specific for cells of an astrocytic
origin and is a common but not obligatory feature of GBM tumor cells, where GFAP expression
has been shown to gradually decline with increasing malignancy (12).

The GL261 forms fatal tumors within 20 days after intracranial tumor inoculation and
these tumors display similarities with human GBM, encompassing aggressive growth pattern,
infiltrative growth and necrotic areas (Fig. 1.). Though, others have found the GL261 tumor
more similar to a rare ependymoblastoma seen in children (2). Spontaneous tumor regression has
never been reported for this tumor model. However, the GL261 tumor is slightly immunogenic,
as demonstrated by the induction of survival after both pre- and post —vaccination of tumor
bearing mice with irradiated GL261 tumor cells (13, 14). Similarly to human GBM, the GL261
cells exhibit a low expression of major histocompatiblity complex (MHC) I and II molecules and
harbor p53, K-Ras and c-myc mutations (14).

Figure 1. Coronal section of a mouse brain demonstrating the GL261 tumor day 20 after tumor inoculation
(Hematoxylin and Eosin staining). The tumor (the dark area) fills up most of the hemisphere, performing a
pressure on the opposite hemisphere. This picture clearly shows necrotic areas and the infiltrative growth of
the tumor into the surrounding brain tissue, which are common features of GBM.
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CNS IMMUNOLOGY AND IMMUNE PRIVILEGE

Certain organs constitute immune privileged sites, e.g. the eyes and gonads, where an inflammatory
response would have detrimental consequences for organ homeostasis. An uncontrolled
inflammatory response in the brain would raise intracranial pressure due to space limitations in
the skull and induce cell death of neurons essential for motor, sensory and cognitive functions,
therefore inflammatory and immune responses are downregulated in the CNS. Studies of the
occurrence of both innate and adaptive immune responses have shown that the immune privilege
is limited to the CNS parenchyma as opposed to the ventricles and the meningies (15) (Fig. 2).
There are several reasons why the CNS parenchyma has been considered as immune privileged;
absence of MHC I and II on parenchymal cells; the presence of the BBB, thus preventing
peripheral T-cells from encountering CNS antigens; absence of lymphatic drainage to local
secondary lymph nodes, significant for mediating CNS-antigen specific T-cell activation; and the
absence of resident antigen presenting cells (APCs) and thereby prevention of presenting CNS
derived antigens for T-cells (15, 16). However, recent studies (though, mostly studies involving
the initiation and establishment of multiple sclerosis in experimental animal models) have shown
that the concept of immune privilege in the CNS parenchyma should be reassessed.

Mouse brain

Brain parenchyma Choroid plexus
(white matter)

Meningies

_ Brain parenchyma
Ventricles (grey matter)

Figure 2. Coronal section of the brain demonstrating different compartments in the CNS. The inner meningies
cover the brain parenchyma, the part of the brain having a BBB. The brain parenchyma is surrounded by
CSF that is produced by the choroid plexus, situated in the ventricles.
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Blood brain barrier

Capillaries in the CNS parenchyma are tightly controlled by the BBB, protecting the parenchyma
from the systemic circulation. Tight junctions between the endothelial cells lining the vessels
control the transport of antibodies and molecules, such as toxins and blood-borne metabolites,
into the CNS parenchyma (16). However, the BBB is not wholly un-permeable to leucocytes
and several studies have shown that activated CD4* T-cells can enter the CNS across the BBB
a7, 18).

Within a glioma however, the BBB is severely disrupted. Once inflammation is established,
as is the case for a growing brain tumor, the BBB is disrupted, e.g. absence of the tight junctions,
hence the concept of immune privilege in the CNS parenchyma during brain tumor development
is undermined (19, 20). Whether the disrupted BBB and the abnormal endothelial cells, lining
the vessels, negatively or positively affect the efficient lymphocyte homing and trafficking into
the CNS is disputed.

Lymphatic drainage in the CNS

For initiation of antigen specific immune responses, APCs present their phagocytosed antigens to
T-cellsin a secondary lymph node. The CNS parenchyma lacks a conventional lymphatic drainage
and was therefore believed to be unable of mounting a CNS-specific immune response.

Studies injecting either dye tracers or albumin have shown that cerebrospinal fluid (CSF)
drain to the deep cervical lymph nodes, via the perivascular and subarchnoid spaces through the
cribiform plate into the lymphatics of the nasal submucosa (21). Furthermore, APCs in cervical
lymph nodes have been shown to activate a CNS-specific T-cell response (22-24), confirming
that CNS-antigens also drain via this route. Not only antigens drain to the cervical lymph nodes.
It has been postulated by Zsugawa et al., that DCs injected into intracerebral tumors also localize
to the cervical lymph nodes (25). Migration of intracranial dendritic cells (DCs) to lymph nodes
would facilitate the initiation of CNS-specific T-cell responses.

However, most of the previously described studies have been performed in animal models
and therefore need to be confirmed for human CNS neoplasms as well.

Resident APCs in the CNS

The CNS contains several cell types of hematopoietic origin. The CNS parenchyma harbors
microglia, important for neural homeostasis and tissue surveillance, while the interspace
between the CNS and the blood/CSF contains bone marrow derived professional APCs (26).
Several other cell types have been proposed for being potential CNS APCs as well; e.g. vascular
endothelial cells, smooth muscle cells, astrocytes, choroid plexus epithelial cells and neurons (19,
27). Although both astrocytes and endothelial cells have been shown to express MHC 11, they
still don’t have the capacity to act as professional APCs (27-29).

Microglia
Microglia are the major antigen presenting cell type in the CNS parenchyma. Microglia,
however, have a hematopoietic origin, probably infiltrating the CNS during fetal development
(30). Under normal conditions, protrusions from the microglia cells are constantly screening
the nearby surroundings, and become activated by “danger signals” produced during tissue
damage.

Microglia function as APCs, since they process antigens and have the ability to upregulate
costimulatory and MHC II molecules, important for T-cell activation (31, 32). /n vitro studies
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have demonstrated microglia to be more efficient than astrocytes in antigen presentation and
subsequent T-cell activation (31), however not as efficient as professional DCs.

Perivascular APCy

Perivascular APCs are localized in the perivascular spaces surrounding the vessels in the
parenchyma. Unlike the microglia, perivascular APCs are constantly being replaced by new
cells migrating from the bone marrow (33). This indicates that monocytic cells have the ability
to be transferred over the BBB as well. The heterogenous cell population of perivascular APCs
is known to comprise macrophages but probably DCs as well (26, 39).

Greteret al. have shown that especially CD11c* perivascular DCs were essential for secondary
reactivation of T-cells, mediating T-cells migration into the CNS (34). This reactivation of T-cells
leading to migration into the CNS was also demonstrated to be independent of the presence of
secondary lymph nodes. Migration of activated T-cells over the BBB seem to be dependent on
the perivascular DCs, since depletion of these cells blocked the accumulation of T-cells in the

CNS parenchyma (35).

Macrophages and DCy in the meninges and choroid plexus

There is an extensive population of macrophages and DCs residing in the meningies and choroid
plexus, closely related to the CSF space (36). These cells act as scavengers of pathogens, tissue
debris and tumor cells.

For mounting of an efficient immune response it has been demonstrated that these cells
migrate to the cervical lymph nodes. Since both DCs and macrophages accumulate in the CSF
as well as perivascular spaces during neuroinflammation, the CSF probably acts as a major
transport route for DCs and macrophages migrating from the CSF into the CNS parenchyma or
from the CSF to the cervical lymph nodes (26, 37).
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IMMUNOSURVEILLANCE AND CANCER IMMUNOEDITING

Immunosurveillance

The concept of immunosurveillance was already established in 1909 by Paul Erlich who
proposed that the immune system protected the host from the deve]opment of neoplastic
diseases. This concept was further fine tuned by Burnet and Thomas (38-40) who predicted
that the lymphocytes must be involved in the protection against tumor development. Although,
it took until the 1990s before their ideas were almost fully accepted by the scientific society.
By that time, studies using knockout mice, either IFNY” or perforin”, showed an increased
incidence of spontaneous tumor formation after implantation of the carcinogenic substance
methylcolanthrene (MCA), if compared to wild type mice (41-44). Furthermore, the increased
establishment of MCA-induced tumors using Rag”™ mice, completely lacking the T-, B- and
natural killer T-cell (NKT) lymphocyte populations (45), proved that lymphocytes and IFNy
were essential for the protection of spontaneous or carcinogen-induced tumor deve]opment
(46). Despite these findings, the immunosurveillance theory is still not fully accepted. Qin et al.
strongly disagree with these recent proofs, arguing that most of these studies were performed
on MCA induced experimental tumors. Therefore, they argue, that the low tumor incidence
more likely corresponds to a MCA-induced inflammation and tissue repair response leading to
encapsulation, rather than a T-cell mediated elimination of transformed cells (47, 48).

Immunoediting

However, if the concept of immunosurveillance is true, why do tumors exist? To explain this, Dunn
et al. refined the concept of immunosurveillance and instead called it cancer immunoediting (46,
49, 50). The concept of immunoediting can be divided into three phases; elimination, equilibrium
and escape. Initially the innate and the adoptive immune system are involved in recognizing and
eliminating tumor cells, earlier explained as immunosurveillance. However, this process will lead
to an equilibrium, where constant mutations and genetic instability in the tumor cells coupled
with the pressure elicited by the immune system, will select for less immunogenic tumor cells.
These tumor cells will acquire the ability to escape detection by the immune system, which will
lead to a progressively growing tumor, yet initially developed in an immunocompetent host.

24



TUMOR IMMUNOLOGY

Short introduction to immunology

From an evolutionary perspective, the innate immune response is regarded as our oldest part
of the immune system. Leukocytes in the innate immune system recognize distinct molecular
patterns on either foreign particles invading the host (e.g. bacterias and viruses) or aberrant
cells (e.g cancer cells and infected cells). The cells of the innate immune response comprise
mast cells, phagocytes (including macrophages and DCs), granulocytes, natural killer cells (NK-
cells), NKT-cells and ¥ T-cells.

The adaptive immune system is activated by the innate immune system and has the ability
to recognize and remember specific antigens expressed on pathogens or aberrant cells. APCs
present phagocytosed antigens to the lymphocytes, T-cells and B-cells, thereby mediating
a cellular immune response or an antibody mediated immune response, respectively. Being
adaptive refers to the vast number of different antigen receptors that can be expressed on the
lymphocytes, which are developed due to gene rearrangements. The 1ymphocytes also have the
ability to acquire a long-term memory towards the antigen, leading to a quicker and stronger
immune response during the second encounter with the same antigen (51).

Tumor immunology

From a simplified point of view, theoretically the concept explains the ability of the immune
system to eradicate tumors. The interaction between the tumor and the immune system leading
to elimination of the tumor can be divided into two parts, the innate and the adaptive immunity.
The innate immunity is the primary participant at the tumor site eventually recruiting and
activating the adaptive immunity to finalize the job.

Innate tumor tmmunity

The innate immune response preceeds the adaptive response against tumors. Due to invasiveness
of the tumor and tumor-induced angiogenesis, tumor growth will induce local tissue damage,
thereby initiating an inflammatory response and production of “danger signals” such as heat
shock proteins, extracellular matrix breakdown products and cytokines (e.g. tumor necrosis
factor oo (TNFa), IL-1, IFNo, GM-CSF and IL-15) (52-54).

The cells responding to these danger signals and recruited to the tumor site comprise natural
killer cells (NK-cells), macrophages, Y0 T-cells and NKT-cells. Specific molecular patterns
expressed on the transformed tumor cells can initiate tumor cell killing via specific receptors,
e.g. NKG2D, expressed on the NK-cells, NKT-cells and 0 T-cells (65). NK-cells recognize cells
with low or absent expression of MHC I molecules, which is a common feature of many tumor
cells. The innate immune cells induce a cytotoxic immune response that includes secretion of
IFNY, initiation of tumor cell killing as well as recruitment of other immune cells to the tumor
site. The direct effect of [FNY on the tumor cells will be further discussed later.

Adoptive tumor immunity

The innate immune response has the possibility to initiate the adaptive immune response. The
inflammatory response initiated by the innate immune response, will recruit APCs (including
DCs and macrophages) to the tumor site (Fig. 3). The DCs phagocytosing tumor antigens from
apoptotic or necrotic tumor cells and concurrently stimulated by danger signals, will mature and
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subsequently migrate to nearby tumor draining lymph nodes. Maturation of DCs is characterized
by upregulation of MHC and costimulatory (e.g. B7 and CD40) molecules, important for proper
T-cell activation (566). Although the CNS lacks a classical lymphatic drainage, the cervical lymph
nodes have been proposed for draining the CNS parenchyma (as discussed previously), and
hence brain tumors as well (24), as well being important during initiation of CNS immunity
7).

In the cervical lymph nodes, the mature DCs will encounter naive T-cells and present their
phagocytosed and processed tumor antigens on MHC molecules. Tumor antigens presented on
MHC II molecules will induce a tumor specific Thl CD4* T-cells response. For the induction
of CD8* cytotoxic T lymphocytes (CTLs), IFNY produced by the Thl cells has been shown to
be essential (568). Importantly, cross-presentation of tumor antigens on MHC I molecules for
CD8" T-cells has been shown to occur as well, however only when DCs were receiving sufficient
activation signals (e.g. T-cell produced cytokines and CDA40 ligand interactions) (59). Proper
costimulatory signals are required during both CD4* and CD8* T-cell activation, including DC-
bound B7 interacting with the T-cell ligand CD28.

The activated effector T-cells, CD4* Th1 cells and CD8* CTLs, will leave the cervical lymph
node and home to the brain tumor site. The CNS specific homing of the T-cells, encompassing
expression of CNS homing-specific integrin- and chemokine receptors, is probably imprinted
by the brain tumor antigen specific DCs (19, 60). In the CNS, re-activation by resident APCs
has been shown to be important for the activated T-cells, in order to leave the circulation and
to reach the tumor site. At the tumor site the CD8* T-cells will recognize the tumor cells, which
will induce tumor cell killing mediated by cytotoxic effector molecules; e.g. perforin, Granzyme
B and IFNY. The tumor cell killing action of the CD8* CTLs is facilitated by the concurrent
production of IL-2 by the CD4* T-cells, promoting intratumoral proliferation of the T-cells.

However, many tumors can evade recognition by the immune system and the initiation of
an anti-tumor immune response is therefore inefficient for rejection of established tumors. The
existence of tumor reactive T-cells during tumor growth are a proof for an active but inefficient
Immune response towards the tumor.
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Figure 3. Simplified figure of the induction of the adaptive anti-tumor immune response. Tumor antigens
are released from tumor cells dying of apoptosis or necrosis. Immature DCs attracted to the tumor site by the
inflammatory response will phagocytose the tumor cell debris. When migrating to the tumor draining CLNs, the
DCs will mature, expressing more MHC as well as B7 molecules on the cell surface. This maturation is further
enhanced by “danger signals”. In the CLNs the tumor antigens will be presented on the MHC II molecules and
recognized by TCRs on the CD4" T-cells or MHC I molecules recognized by CD8" T-cells. The T-cell activation
is further stimulated by binding of CD40L on the T-cells to CD40 on the DCs. The activated effector T-cells,
such as CTLs and T helper cells, will migrate to the tumor site, due to expression of specific integrin- and
chemokine receptors. Activated T-cells can enter the CNS despite the BBB. At the tumor site, local APCs will
present tumor antigens, re-activating the activated T-cells. T-cell proliferation and the cytotoxic activities of the
CTLs are further enhanced by the production of IL-2 from the T helper cells, leading to an efficient tumor cell
killing.
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IMMUNE EVASION

There are several ways for tumor cells to evade detection by the immune system that will be
selected for during the immunoediting process. The tumor induces immunosuppression and
tolerance, either directly on the tumor infiltrating lymphocytes, or systemically affecting the
initiation of the immune response. Some of the evasion mechanisms elicited by the tumor will be
discussed here.

Defects in tumor antigen presentation

One way to avoid recognition by the APCs in the immune system is to modify the tumor antigen
presentation process. Downregulation of MHC class I or other important components of the
antigen presentation machinery e.g. TAP and 2 microglobulin, are common on a variety of
tumors (7, 61-63), thereby making them resistant against CTLs. This immune evasion is
not necessarily the most efficient, since NK cells react on the reduced expression on MHC
I, which will induce tumor cell killing. Tumors can also evade recognition by changing their
antigenic repertoire by “antigenic drift” of surface antigens recognized by CTLs (61). It has been
demonstrated that especially melanomas have downregulated specific melanoma antigens (e.g.

MART-1 and gp100) (64, 65).

Secretion of tumor derived suppressive factors

Several immunosuppressive factors produced by tumors have been demonstrated, but only those
also secreted by brain tumors in particular will be presented in this thesis.

Transforming growth factor § (TGFP) has a pivotal role in immune regulation, however,
when produced by the tumor itself TGF will promote tumor progression. TGFf is expressed
by several human tumors, including GBM (66, 67). TGFf is a multifunctional cytokine with
immunosuppressive properties. Some of its immunosuppressive functions are inhibition of T-cell
activation, proliferation and differentiation (68, 69) as well as inhibition of antigen presentation
on APCs (68). Thomas et al. show that TGFP specifically inhibited the CTL mediated tumor
cytotoxicity, by blocking the production of perforin, Granzyme A and B, Fas ligand and IFNYy
(70). TGFP has also been shown having a role in induction of T regulatory cells (71). The
inflammatory responses of activated macrophages are inhibited by TGFf3 through downregulation
of nitric oxide (NO) and inducible NO synthase iNOS) (72, 73).

Prostaglandin E2 (PGE2) is important for tumor growth by promoting proliferation,
invasion, angiogenesis and immunosuppression (74). The immunosuppressive properties consist
of inhibition of T-cell activation and suppression of the anti-tumoral activites of NK cells. PGE2
has also been shown to skew the T-cell production of Th1 cytokines (IFNyand TNFa) into Th2
cytokines (IL-4 and IL-10) (74). Human GBM cells have been shown to produce PGE2 and
have also been suggested for being responsible for the suppressed T-cell function seen in these
patients (75, 76).

IL-10 inhibits the function of APCs, by reducing their antigen presenting capacity through
downregulation of MHC II. Thereby T-cell activation and concurrent IL-2 production is
perturbed (77-79). IL-10 has been shown to be produced by GBM cells (79). Furthermore
Huettner et al. have shown that the amount of IL-10 increased with malignancy of the gliomas
(80). However, to add to the complexity of this research field, several studies have shown that
IL-10 in some circumstances also can act immunostimulatory and thus promote tumor rejection

(81, 82).
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Vascular endothelial growth factor (VEGF) is produced by several tumor cells, including
GBM cells, and has also been detected in sera of patients with malignant tumors (83-85).
VEGF has been shown to interfere with the differentiation of human CD34* hematopoietic stem
cells, which will increase the number if immature DCs (86). VEGF is also known to stimulate
angiogenesis i vivo, thereby promoting tumor progression (87).

GM-CSF is a critical cytokine important for the myelopoiesis and differentiation of DCs
(88). A constant administration of GM-CSF has been shown to increase the amount of myeloid
derived suppressor cells (MDSCs) responsible for suppressing immune responses (89). In a
study by Bronte et al. they report that 31% of all human tumor cell lines tested produced GM-
CSF albeit no CNS tumors were included (89). Karcher et al. demonstrated that GM-CSF
obtained from supernatants of GBM tissue cultures, could be correlated with a shorter survival
time and a worse prognosis and hence reflected a more aggressive phenotype (90). However,
it was not fully verified whether the GM-CSF production was tumor tissue specific or due to
contamination of infiltrating macrophages producing GM-CSF.

IL-6 production has been found in gliomas, but whether it is a prognostic marker for GBM
aggressiveness has not been clearly evaluated (91, 92). The immunosuppressive properties of
IL-6 are decreased capacity of antigen presentation and T-cell activation through inhibition of
differentiation of myeloid progenitor cells into DCs (93).

Myeloid derived suppressor cells

The secretion of tumor derived suppressive factors (especially VEGF, GM-CSF, IL-10, IL-6 and
TGFP) will affect the myelopoiesis in the bone marrow and subsequent accumulation of MDSCs
in spleen and lymph nodes of tumor bearing hosts will follow (94). Accumulation of MDSCs
in the tumor has been shown for several tumor types (93). 2007 Gabrilovich et al. commonly
agreed that MDSC is from now on the commonly used term for the cells formerly denoted as
immature DCs or myeloid suppressor cells (95). Under normal and healthy conditions, MDSCs
are present in the bone marrow and spleen and have the ability to gradually differentiate into
mature myeloid cells granulocyes, DCs and macrophages. Mouse MDSCs are characterized as
being CD11b*Gr-1* without displaying any markers of mature myeloid cells and functionally
associated with inhibition of T-cell activation (96, 97). The inhibition of T-cell immune responses
have been explained in several studies (98) and is believed to partly be mediated through down-
modulation of the T-cell receptor { chain (CD3() being part of the T-cell receptor (TCR)
complex (99), inhibition of the costimulatory signaling pathway CD3/CD28 (100), prevention
of CTL activity as well as decreased IFNY production from CD8" T-cells (93).

The suppressive effects of MDSCs are believed to be dependent on the expression of iINOS
and arginase 1 (ARG1) (93). MDSCs from tumor bearing mice produce reactive oxygen species
(ROS) (101), e.g H,0,, NO and ONOO, which have been shown to be the actual mediators
of the suppression of T cell immune responses. Expression of ARG1 and iNOS has been used,
although in a very simplified and generalized manner, to distinguish macrophages into either
iNOS expressing M1 macrophages or ARG1 expressing M2 macrophages (102). The classically
activated M1 macrophages, produce inflammatory cytokines and ROS, and can act as effector
cells for killing of intracellular pathogens and even tumor cells (102). In addition, the alternatively
activated M2 macrophages, which secrete anti-inflammatory cytokines, have been shown to
promote tumorigenesis (102). However, Gallina et al. showed that a subset of CD11b*Gr-1*
MDSCs, expressing IL-4Ra, shared both M1 and M2 characteristics, as regarding to iNOS
and ARGI expression and cytokine production (103). When the MDSCs were activated by
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IFNYproduced by activated T-cells, they suppressed CD8* T-cells through their own production
of IFNY as well as IL-13.

However, the MDSCs still appear to be a quite heterogenous cell population, harboring
some plasticity in how they react towards different types of stimuli, which may affect whether
they acquire a M1 and/or M2 phenotype. So far most studies on MDSCs have been performed
in mice, hence they need to be further verified in humans. For cancer treatment, MDSCs are
most certainly an attractive target, either for inhibition of their immunosuppressive activities or
in order to differentiate them into well functioning, non-tolerogenic APCs, which may enhance
T-cell activation and subsequent tumor cell killing.

T-regulatory cells

Sakaguchi et al. were the first to characterize the CD4* T-cell population expressing the IL-2
receptor O-chain (CD25) molecules, functionally suppressing immune responses to self-
antigens, supported by the finding that elimination of the CD4* CD25* T-cells mediated severe
autoimmunity (104). Several T-regulatory sub-populations have been described recently,
where the thymus derived CD4*CD25"FoxP3" are referred to as being the naturally occurring
T-regs, constituting 10% of the peripheral CD4" T-cells (104). T-regs also constitutively express
glucocorticoid-induced TNFRs (GITR) and cytotoxic T lymphocyte antigen-4 (CTLA-4) (105).
Tumors have been shown to harbor both naturally occurring T-regs as well as locally induced
T-regulatory cells (T,1), characterized as being CD4'IL-10"FoxP3-.

The suppressive mechanisms of T-regs have been studied extensively in in vitro studies and
are believed to be mediated by soluble factors (e.g. IL-10, TGFp, perforin and GranzymeB) and
direct cell-cell contact (e.g. CTLA-4 and B7-H4), suppressing the functions of T-cells, APCs
and NK-cells (106-108). Chaput et al. demonstrated that tumor infiltration of Tregs prevented the
development of T helper cells as well as CD8" effector cells, further supported by depletion of
Tregs which induced highly cytotoxic tumor infiltrating CD8" T-cells (109).

Tumors actively prevent the induction of anti-tumor immune responses through directly
affecting the differentiation, expansion and or recruitment of T-regs. Soluble factors, e.g TGFf
and IL-10, either produced by the tumor or by MDSCs, promote proliferation and differentiation
of T-regs (107). Peripherally induced T-regs can also home to tumors under the influence of the
chemokines CCL17 and CCL22 (110, 111).

An increased tumor infiltration of T-regs has been found in experimental glioma models
(112, 113). There are several studies performed, inversely correlating tumor infiltration of T-regs
with clinical outcome (107, 111). A direct correlation of T-reg tumor infiltration and tumor grade
of human brain tumors was performed by £/ Andalowssi et al., which support the role of T-regs
for suppressing anti-tumor responses, causing increased tumor growth (114, 115). However, a
direct proof for this has been performed in several studies where T-regs were depleted through
administration of antibodies specific for either CD25, CTLA4 or GITR, which clearly have
shown that tumors were more efficiently rejected as well as enhanced the specific anti-tumor
responses induced with immunotherapies (112, 116, 117).

T-regs are crucial for the immune escape of tumors, and have also been shown to be responsible
for blocking the anticipated success of many immunotherapies. Therefore, immunotherapy
combined with specific blocking of T-regs, needs further investigations.
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TUMOR INFILTRATING LYMPHOCYTES

Prediction of clinical outcome in the context of tumor infiltrating lymphocytes (TILs) has been
performed for various cancer types including ovarian cancer, melanoma and colorectal cancer.
Characterization of TILs during the development of new immunotherapeutic treatments both in
patients as well as in animal studies is also a valuable tool for evaluation of new treatments.

Tumor infiltration of T-cells

Several studies have correlated a high infiltration of T-cells as well as a low infiltration of T-regs
intratumorally with a favorable prognosis for the patients (19, 118-121). However, the role of
tumor infiltrating T-cells is disputable. As previously described the activated cytotoxic T-cells
have the capability to mediate direct tumor cell killing. Though, lymphocyte infiltration per ve
is not an indicator of increased survival, since infiltrating lymphocytes may be affected by the
tumor derived suppression and become anergic or dysfunctional. Dunn et al. summarized all
studies performed on human malignant gliomas, concerning tumor infiltration of lymphocytes.
However, when comparing these studies, no conclusions could be drawn, whether lymphocyte
infiltration in gliomas could be correlated with a good clinical outcome (19).

The induction of a tumor specific CTL response is a requirement for most anti-tumor
responses and is also the major focus during the development of an efficient immunotherapy.
Several studies in human neoplasms have shown that the induction of an efficient anti-tumor
immune response towards intra cranial tumors is accompanied with an increased infiltration
of CD4* Th1 cells and CD8* CTLs (120, 122-125). These studies also stress the importance of
cytotoxic as well as proliferative capacity of the infiltrating lymphocytes for a correlation with a
favorable clinical outcome.

Furthermore, when analyzing the function and phenotype of infiltrating T-cells, there is a
correlation between increased infiltration of T-regs and a poor clinical outcome (126, 127). E/
Andaloussi et al. have demonstrated, both in preclinical as well as clinical studies, a high T-reg
infiltration in gliomas (112, 114). The suppressive role of the infiltrating T-regs was further
supported by the finding that infiltration of T-regs increased with the malignancy grade of the
brain tumors (115).

Tumor infiltration of macrophages

The largest population of infiltrating immune cells in human GBM consists of the macrophages
(128, 129). Tumor infiltration of macrophages is correlated with tumor progression and a
poor prognosis for several neoplasms (130-132). In human gliomas there are several studies
demonstrating high infiltration of macrophages (133, 134). Although Nwhe et al. were able to
correlate an increased number of tumor associated macrophages (TAMs) with the malignancy
grade of the gliomas, after comparing several studies it has not been possible to draw any
conclusions whether infiltration of TAMs could be correlated with a favorable prognosis (19).
However, the inconsistency between the various studies probably stems from differences in
analysis methods, tumor malignancy grades as well as the tissues prepared for analysis.

Tumor associated macrophages

TAMs have formerly been considered to be alternatively activated macrophages, M2 macrophages
(98, 135). However, in mice, Unemura et al. demonstrated that MDSCs and TAMs both share
phenotypic similarities. As previously discussed when describing the MDSCs, the TAMs
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are pleiotropic and associated with characterstics from both M2 as well as M1 macrophages
(136, 137). The M2 characteristics include production of 1L-10, TGFB and ARGI while M1
characteristics include secretion of inflammatory mediators such as TNFa, I1-6 and iNOS (102).
TAM:s are recruited to the tumor site from circulating monocytes, which differentiate into TAMs
by tumor-derived factors such as, VEGE, M-CSF and CCL2 (135).

There are several protumoral activities associated with TAMs, leading to increased vessel
density and tumor progression. Angiogenesis and tumor growth are supported by the TAMs
by their production of various tissue factors (e.g. VEGE, CCL2 and CXCLS8) as well as growth
factors (VEGE PDGE EGF) (98). Yang et al. also proposed that CD11b*Gr-1* MDSCs migrating
to the tumor site differentiate into either endothelial cells or TAMs, thereby contributing to both
neovascularization and tumor growth (138). These processes are further sustained by the release
of MMP-9 and TGFP remodeling the tissues surrounding the tumor, which in turn promote
tumor invasiveness. As previously described, several of the cytokines secreted by the tumor
also have immunosuppressive properties as well as the ability to recruit T-regs. TAMs have
also been shown to skew the immune response into a Th2 response by the production of several
chemokines (111, 135, 139).

During tumor progression the TAMs, have no or minimal tumoricidal activities and appear
to be ineffective for initiating an effective immune response towards the tumor, explaining why
they often are associated with a dismal prognosis. Mytar et al. demonstrated that tumor cells
cocultured with blood monocytes were deactivated, and developed into M2-like macrophages
(140). However, it has been shown iz vitro that both the bacterial product LPS and the cytokine
IFNY can activate the deactivated TAMs harboring a predominant M2 phenotype into a
M1 phenotype with anti-tumoral activities. Furthermore, it has also been demonstrated that
the deactivated TAMs can be re-activated with either anti-IL-10 antibodies or certain pro-
inflammatory cytokines, such as GM-CSF combined with IFNy (141). IFNY produced by either
CD8" T-cells or NK-cells infiltrating the tumor have been shown to be responsible for activating
the macrophages into M1 macrophages in vivo (142, 143). The anti-tumoral activities of M1
macrophages mediating tumor cell killing, include secretion of cytotoxic mediators such as
TNFa, serine protease and reactive nitrogen intermediates (e.g. NO) (132, 144-146).

The explanation for the poor prognosis associated with a high infiltration of TAMs, is due
to their suppression of the induced anti-tumor immune response and ability to promote tumor
growth. Thus, for development of cancer vaccines, one goal is to find immunotherapies that can
activate the deactivated macrophages infiltrating the tumor to become more tumoricidal.
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IMMUNOTHERAPY

A new and more efficient treatment for GBM must focus on the elimination of all the tumor cells
that are still residing in the brain tissue after surgery as well as to the circumvent the obstacles
with induction of tumor derived immunosuppression. Therefore, new therapeutic strategies
involving modulations of the host’s own immune system that targets the remaining tumor cells is
under development. The aim is to develop efficient treatment modalities in experimental animal
models for further translation into the clinic.

Cytokine-based immunotherapy

The concepts of immunosurveillance and immunoediting enclose that albeit a growing tumor, the
host can develop an active, although dysfunctional, immune response against its own tumor. The
principle with immunotherapy is to vaccinate the tumor bearer, and thereby boost the host’s own
anti-tumor immune response in order to reject the tumor and induce a long-term immunological
memory.

The cancer vaccine consists of a tumor antigen source together with an adjuvant that can
stimulate the immune response. The tumor antigen source consists of a small peptide, protein,
tumor cell lysate or whole tumor cells. There are conceptual differences between using tumor
peptides compared with whole tumor cells. Single tumor antigens may induce a more directed
and tumor cell specific immune response, however the tumor cells have the possibility to
eventually become resistant and evade the immune response by downregulating the targeted
tumor antigens. By using whole tumor cells the induced immune response will become broader
and directed towards several antigens expressed on the tumor cells. Therefore, the risk of
immune evasion via tumor antigen downregulation is minimal, however there is a greater risk of
inducing autoimmunity by targeting non-cancerous cells.

Several cytokines are used as adjuvants in cancer vaccines in order to stimulate the induction
of an immune response. DCs play a pivotal role in the initiation and priming of anti-tumor
immune responses, therefore the purpose of several immunotherapies is to manipulate these
cells. DCs can be grown and pulsed with tumor antigens i vitro, and have been shown to elicit
potent immune responses after immunization of tumor-bearing animals (147). However, another
well-used technique is to manipulate the DCs ex vi0, by injecting substances that stimulate their
expansion and differentiation from bone marrow precursor cells.

GM-CSF based immunotherapy

GM-CSI

GM-CSF belongs to the family of hematopoietic cytokines, also including G-CSEF, M-CSF, 1L-5
and IL-3. GM-CSF is produced and secreted by a variety of cells e.g. monocytes, endothelial
cells and activated T-cells. The receptor for GM-CSF is expressed on hematopopietic progenitor
cells, where GM-CSF promotes their differentiation into granulocytes and monocytes (148).

GM-CSF based immunotherapy

Dranoff et al. used the mouse melanoma model B16 to monitor the immune response elicited after
vaccinating tumor-bearing mice with irradiated tumor cells transduced with cytokines, adhesion
molecules or costimulatory molecules (149). Among all the cytokines tested, they found that the
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cytokine GM-CSF stimulated the most potent systemic anti-tumor response. Several studies
using a GM-CSF based immunotherapy have been performed in the GL261 mouse glioma and
in several rat glioma models, all demonstrating increased survival (150-155).

The anti-tumor immune response elicited by GM-CSF has been shown to be highly dependent
on the local concentration and duration of the secreted cytokine (148). A too high and protracted
concentration of GM-CSF has been shown to be immunosuppressive by inducing MDSCs (as
described earlier) (89). Serafint et al. compared a high-dose GM-CSF secreting vaccine with a
low-dose secreting vaccine in a mouse tumor model, and discovered that there was an upper and
a lower therapeutic limit for GM-CSF (156). Immunization using cytokine-producing tumor
cells is the most common way to administer GM-CSFE, though for clinical purpose it would be
more convenient to administer recombinant GM-CSF. Since GM-CSF has a relatively short
half-life in vivo (0,92 + 0,04 min) (157), injection of recombinant GM-CSF is not feasible even
though it would facilitate the immunization procedure (158). Though, this could be circumvented
using tumor cells expressing membrane-bound GM-CSF on the surface as tumor cell vaccine
(159, 160). One approach to enhance the half-life of GM-CSF is by using polyethylene glycol-
modified (PEG) GM-CSF (157). To mimic the GM-CSF transduced tumor cells, GM-CSF can
be administered via repeated injections of recombinant GM-CSF or via mini-osmotic pumps,
however these methods have not yet proven to be superior to GM-CSF transduced tumor cells
(147, 161).

In order to enhance the effect of GM-CSF based immunotherapies, there are several studies
ongoing, where GM-CSF is combined with other immunostimulatory factors. One approach
is to enhance the DC-activation with the addition of CD40L (162) or TLR-ligands like CpG
(163). Other studies have focused on simultaneously inhibiting the immunosuppression elicited
by the tumor e.g. injection of anti-CTLA4 or antibodies (164) or blocking of VEGF (165). The
use of interferons, especially IFNa, has also been shown to significantly enhance the anti-tumor

immunity elicited by GM-CSF (153).

GM-CSF and mechanismes of anti-tumor immunity

The role of GM-CSF in eliciting a potent anti-tumor response including a long-lasting anti-
tumor immunity has been studied extensively in a variety of animal tumor models as well as
human neoplasms (149, 166). GM-CSF is a critical cytokine required for eliciting differentiation
and maturation of DCs (88). The effect of GM-CSF secreting vaccines on the increased anti-
tumor immunity has been suggested to be enhanced recruitment of APCs from the bone marrow
to the immunization site as well as enhanced maturation of the APCs, leading to an increased
antigen presenting capacity and subsequent T-cell activation in the draining lymph nodes (167).
There are several findings supporting this hypothesis. After subcutaneous or intra dermal
immunizations with GM-CSF producing tumor cells, the injection site was highly infiltrated
by DCs, macrophages and granulocytes (168, 169). The importance for the maturation of the
infiltrating DCs, expressing high levels of costimulatory molecules; MHC 11, CD80 and CD86
(B7-1 and B7-2), was highlighted after comparing GM-CSF with Flt3-ligand (Flt3l). Both Flt3]
as well as GM-CSF expanded the number of DCs after injection in vivo (157, 170). However,
compared to Flt3], GM-CSF preferentially expanded the CD11b*CD8" population of DCs,
shown to have a superior phagocytosing and subsequent T-cell activating capacity. These DCs
also had a higher expression of costimulatory molecules, which in turn led to a more efficient
antigen uptake and subsequent T-cell activation (170). By depletion of either CD4* or CD8*
T-cells, GM-CSF based cancer vaccines have been shown to be dependent on T-cells for eliciting
efficient anti-tumor immune responses (149). GM-CSF based vaccines also seem to have an
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effect on NKT-cells, as seen by increased expression of CD1 on the expanded population of
DCs (171).

IFNYy based immunotherapy

IFNy

IFNYis a type Il interferon, having distinct features compared to the type I interferons (IFNo.
and IFNP). IFNY is produced by NK-cells, activated T-cells and DCs, B-cells and NKT-cells
(172). IFNY receptors (IFNGR) are distributed and expressed on almost all cell types (173).
GM-CSF has been shown to increase the expression of IFNGR1 on human peripheral blood
monocytes (174).

IENY based immunotherapy

As described previously, IFNY has a pivotal role in promoting tumor immunogenicity. Blocking
of IFNY by using neutralizing antibodies increased the tumor growth. Similarly, IFNY” mice on
either a C57BL/6 or BALB/c background showed an increased incidence of spontaneous tumor
formation (42, 44). Also, over-expression of IFNGRI reduced the amount of soluble IFNY, and
induced a higher tumorigenicity as well as reduced immunogenicty.

The importance for the induction of an anti-tumor response after peripheral immunizations
with TFNYy-transfected tumor cells has earlier been demonstrated in preclinical studies (175,
176). Intracerebral injections of retroviral or non-viral vectors encoding for IFNY will cause a
high tumor localized concentration of IFNY, resulting in tumor regression in the rat C6 or mouse
GL261 glioma model respectively (177, 178). Clinical studies have so far been inconclusive
whether IFNY has an effect on survival or not (44). This is probably due to inconsistent
translation of timing and dosing schedules from animal studies into clinical studies.

IFNY has a relatively short half-life, 25-30 min, after i.v. administration (173, 179). Hence, in
order to reach a high systemic concentration leading to a high local concentration at the tumor
site, IFNY needs to be repeatedly administered. However, this procedure induced toxic side
effects (such as fever, nausea, vomiting, neurotoxicity, and leucopenia) (173, 180). To overcome
these IFNY-associated toxicities studies with local delivery of recombinant IFNY at the tumor
site have been performed, thus minimizing the systemic toxic side effects as well as increasing
the local effect at the tumor site (173).

However, it should be stressed that several studies on IFNY-based immunotherapy previously
mentioned, are using IFNYas a monotherapy. The intention is to generate a high enough systemic
concentration of IFNYin order for IFNY to reach the tumor site where it can induce an efficient
anti-tumor response as well as affect the growth of the tumor. However when interferons are
used as adjuvants to e.g. a GM-CSF based immunotherapy, high concentrations might only be
needed at the immunization site, where GM-CSF-attracted DCs may be further activated by the
co-administered interferons (153). Thereby, systemic toxicities caused by interferons may be less
severe, due to a much lower systemic concentration exerted by the therapy.

IFNY and mechantsmo of anti-tumor immunity

IFNY is a pleiotrophic cytokine, with several immunomodulatory functions essential for enhancing
tumor immunogenicity. IFNY induces growth arrest, although this effect has been shown to be
ameliorated by co-administration of GM-CSF (181). Other anti-tumor effects of IFNY have
been shown to be inhibition of angiogenesis and control of apoptosis by promoting expression of
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FAS, TRAIL and caspases (44, 172, 182, 183). Both MHC I and 11 expression is upregulated in
response to IFNY (172, 184). MHC I upregulation on tumor cells efficiently promotes detection by
tumor specific CTLs, an important consequence of tumor cells that otherwise evade the immune
system by downregulating MHC molecules. Indirectly, IFNY promotes CD4* T-cell activation,
through MHC II as well as B7 upregulation on APCs (185, 186). IFNY is also important for
skewing the immune response into a Th1 response. This is mediated through increased NK-cell
mediated effector functions, such as; promotion of the activation and antigen-presenting capacity
of APCs, which in turn enhances their production of IL-12 leading to a further increase in IFNy
production; as well as activation of cytotoxic functions of macrophages (172, 187, 188). IFNY-
activated macrophages have the capacity to mediate cell killing via TNFo. (189) and ROS as
well as reactive nitrogen intermediates (particularly NO) (135, 187). IFNY has also been shown
to be involved in inhibiting the generation and activation of Tregs. Nwhikawa et al. demonstrated

that IFNY produced by CD8" T-cells blocked the development of Tregs (190)
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RESULTS AND DISCUSSION

Establishment of the GM-CSF and IFNY based immunotherapy in the mouse glioma model,
GL261

Paper 1

GM-CSF based immunotherapy has been widely investigated in several experimental tumor
models with promising results. For a more efficient treatment of tumors, GM-CSF-based
immunotherapies combined with other immunostimulatory adjuvants are under development.
With one exception, the combination of GM-CSF and IFNY has not been explored before.
However, in this study Nishisaka et al. were not able to demonstrate any synergistic relationship
on survival or tumor growth after combining both GM-CSF and IFNY for the treatment of
lung cancer in mice (191). The existence of a relationship between GM-CSF and IFNY for the
protection against tumor development was demonstrated by Enzler et al. using GM-CSF/IFNy
double knock-out mice. These mice had an increased incidence of spontaneous tumor formation
as well as a higher susceptibility to infection and inflammation (192).

We established a GM-CSF producing tumor cell line (GL-GM), after transduction of
the GL261 glioma cells with a plasmid encoding for GM-CSF. The GL-GM cells were stable
producers of GM-CSF even after treatment with IFNy and/or irradiation. Stesjo et al. previously
demonstrated the importance of IFNY treatment of the tumor cells used for immunization
both in vitro and in vive for the efficient treatment of experimental rat gliomas (193). IFNYis a
multifunctional cytokine known to affect the expression of MHC I and IT molecules, among others
(172). MHC upregulation on the tumor cells will increase their ability to present antigens for the
immune system and thereby increase their immunogenicity. Therefore the effect demonstrated
by Siesi et al. on survival could have been coupled to the induction of MHC class I and II
upregulation of the tumor cells used for immunization. When we analyzed MHC expression on
the GL261 tumor cell lines, both MHC I and II were upregulated after treatment of IFNY in vitro
on both GL261 as well as on GL-GM cells.

Mice were inoculated with GL261 glioma cells i.c. and thereafter therapeutically immunized
with irradiated tumor cells intra peritoneally (i.p.) at day 1, 14 and 28 after tumor inoculation.
Immunization with GM-CSF producing GL261 cells induced 44% survival of the tumor bearing
mice. However, when co-injecting recombinant IFNY together with the IFNYy pretreated GL-
GM cells, survival was synergistically enhanced to 88%. GM-CSF based immunotherapies have
been described to enhance recruitment and maturation of DCs from bone marrow precursor
cells to the immunization site, thereby antigen presentation and subsequent T-cell activation is
further enhanced (167). However, survival induced after immunization with GL-GM cells pre-
treated with IFNY in vitro was not superior to GL-GM cells only. Therefore, in this mouse glioma
model upregulation of MHC was not mediating an increased anti-tumor immune response
during immunization. GL261 cells alone or combined with IFNY induced 10% survival each,
demonstrating that this experimental glioma model is slightly immunogenic (14).

We speculated that recombinant IFNyY might have endogenous effects on the immune
cells recruited to the immunization site by GM-CSF. IFNY could be affecting maturation and
activation of DCs, thereby skewing the induction of an anti-tumor immune response into a Th1l
response, which is more efficient in tumor cell killing. It is not a realistic scenario that a single
injection of recombinant IFNY could have any effects on the tumor itself, by inhibiting tumor cell
proliferation or inducing tumor cell apoptosis. This hypothesis is supported by Prell et al., who
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previously demonstrated that IFNO. combined with a GM-CSF-based immunotherapy increased
the anti-tumor T-cell responses (153).

To further investigate the immune response elicited after immunization, we analyzed the
proportion of tumor infiltrating lymphocytes. The combined treatment of GL-GM and IFNy
induced a higher infiltration of macrophages, but no increase in CD8* T-cells, when compared
to mice immunized with GL261 cells only. Immunizations with GL-GM and IFNY were also
correlated with a decreased tumor size. During tumor growth, gliomas will induce an immune
responseasdemonstrated by the findings of tumorinfiltratinglymphocytes despiteimmunotherapy,
although ineffective for induction of tumor regression (19). However, immunotherapy can skew
the function and phenotype of the tumor infiltrating lymphocytes, thereby suppressing tumor
growth leading to tumor regression. Even though we did not monitor any changes in the amount
of tumor infiltrating CD8" T-cells, their anti-tumoral activities may have been affected by the
immunizations. It has been shown by Bonnotte et al. that IFNyproduced by tumor infiltrating CD8*
T-cells are responsible for shifting the immunosuppressive M2 macrophages into tumoricidal
M1 macrophages (142). Our hypothesis is that the decrease in tumor size demonstrated after
the combined treatment of GM-CSF and IFNY could be explained by the concurrent increase in
macrophages probably instructed to become more tumoricidal.

Investigation of the systemic immune response induced by the GM-CSF and IFNYy based
immunotherapy

Manuscript 1T

The pharmacokinetic profile of cytokines used for immunotherapy is crucial for the induction of
an efficient anti-tumor immune response. A high local dose of GM-CSF induces differentiation
and maturation of DCs and enhances antigen presentation and subsequent T-cell activation (88,
149). On the other hand, GM-CSF has been shown to be immunosuppressive if administered
during a protracted time period (156). The autocrine secretion of GM-CSF from the growing
tumor has been demonstrated to expand the myeloid cell population expressing CD11b and Gr-1,
which suppress T-cell responses (89). We measured the systemic concentrations of both IFNy
as well as GM-CSF produced by the GL-GM cells after immunization. Both cytokines were
detectable 7 vivo and the data obtained described a relatively short window of action for both
cytokines after immunization (GM-CSF within 48h and IFNYy within 6h after immunization).

The systemic effect on the immune response was analyzed in the spleen 48 h after
immunization with GM-CSF and IFNY. After one immunization we could measure an increase
in the proportion of CD11b*Gr-1* MDSCs. However, after two immunizations we could also
see an expansion of differentiated myeloid cell populations such as CD11c* DCs and F4/80*
macrophages, followed by a decline in the proportion of MDSCs. The proportions of both CD4*
and CD8* T-cells were almost unaffected by the immunizations, but the CD4*CD25*FoxP3*
T-reg population was expanded. We argue that the short window of action for GM-CSF after
immunization temporarily expanded the MDSCs, which gradually differentiated into DCs and
macrophages. One of the suppressive properties of MDSCs have been shown to be induction of
T-regs (194), which may explain the increase in T-regs detected. However, Aldervon et al. recently
reported an increase in T-regs after successful immunotherapy of an experimental mouse tumor,
which also could explain the increase of T-regs described in our system (195).

IFNY alone did not affect the proportion of immune cell populations analyzed, but could
have an effect on the maturation of the expanded population of APCs. IFNY has been shown to
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be involved in the upregulation of MHC I and II molecules as well as costimulatory molecules
such as B7-1 and B7-2, which will enhance the T-cell activating capacity of the APCs (185, 186).
Despite increased proportions of T-regs and MDSCs we could measure an increased cytotoxic
anti-tumor response after restimulating the splenocytes i vitro with irradiated GL261 cells. The
induction of a cytotoxic immune response elicited by the T-cells, including production of IFNYy
and Granzyme B, is of great importance for tumor eradication. However, whether these cytotoxic
T-cells migrated to the tumor site and mediated either direct tumor cell killing or activated the
tumor infiltrating lymphocytes need to be further clarified.

Furthermore, the induction of an efficient anti-tumor immune response by GM-CSF based
immunotherapies has been shown to be dependent on T-cells (149). By depletion of either CD4*
or CD8" T-cells we could demonstrate that T-cells were crucial for the induction of survival after
immunization with the combination of GM-CSF and IFNYas well. T-cells are not only important
for mediating a cytotoxic immune response, but for establishing an immunological memory. We
clearly demonstrated that a long-lasting anti-tumor immunological memory was induced, since
mice previously immunized during their first encounter with the tumor, could survive a tumor
re-challenge in the opposite brain hemisphere without any additional immunizations.

Finally, the robustness of the combined immunotherapy of GM-CSF and IFNY was
demonstrated after postponing immunization until day 5 after tumor inoculation when the
tumor is more established. None of the mono-therapies were able to induce survival, whereas
the combined treatment of GM-CSF and IFNYyinduced a 44% survival.

Investigation of the local immune response at the tumor site induced by the GM-CSF and
IFNYy based immunotherapy

Manuoscript 11T

The CNS has long been regarded as an immune privileged site, incapable of mounting a CNS-
specific immune response. However, despite the BBB, activated lymphocytes have been shown
to migrate into the CNS. Studies have also demonstrated that local APCs from the CNS drain
to the cervical lymph nodes, where they can activate a CNS-antigen specific immune response
(16, 17). In this manuscript, the aim was to analyze the local immune response elicited in tumor
draining lymph nodes (TDLNs) as well as in the tumor, in order to explain the improved survival
after the combined treatment of GM-CSF and IFNY.

In the TDLNSs activated lymphocytes migrating to the tumor site will be reactivated by APCs
presenting antigens from the tumor. Due to the immunosuppression elicited by the tumor, APCs
in the TDLN s have the capability to induce tolerance and anergy instead of boosting the induced
anti-tumor immune response. Several studies have shown an increased population of MDSCs as
well a decreased population of functional DCs in the TDLNs, induced by factors produced by
the tumor (94, 196). The lymph nodes responsible for draining the CNS are suggested to be the
cervical lymph nodes, CLNs (24). After immunizing with either GM-CSF or GM-CSF combined
with IFNY, we found an increased number of CD4* and CD8* T-cells as well as T-regs in the
CLNs. Though, by the addition of IFNY, this increase in T-reg numbers was not statistically
significant. The numbers of MDSCs as well as of differentiated myeloid cells (macrophages and
DCs) were also increased in the CLNs after immunizing with GM-CSE but by the addition
of IFNY, the increase in MDSCs was not statistically significant. MDSCs have been shown to
be responsible for inducing T-regs (103). Hence, the reduced amount of T-regs in the CLNs
could therefore be explained by the concurrent reduction in MDSCs after immunizing with
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the combined treatment of GM-CSF and IFNY. Without analyzing the functional properties
of the lymphocytes in the CLNs, these results indicate that GM-CSF enhances the anti-tumor
response, while the subsequent immunosuppression is reduced (directly or indirectly) by the
addition of TFNY.

El Andaloussi et al. have shown infiltration of T-regs in mouse gliomas, as well as correlated
T-reg infiltration in human gliomas with malignancy grade (112, 115). Intratumorally we found
a relative reduction of T-regs after immunizing with GM-CSF and IFNY. Although the total
number of T-regs was increased, this only followed the overall increase in T-cells after immunizing
with GM-CSF and IFNYy, most likely counteracting the induction of intratumoral T-regs.
Brain tumors are associated with infiltration of macrophages, but whether tumor associated
macrophages promote or prevent tumor growth is not fully clarified (128, 132). However, it has
been shown that TAMs harboring a M2 phenotype can be reactivated into M1 macrophages with
either anti-IL-10 antibodies or certain pro-inflammatory cytokines, such as GM-CSF combined
with IFNYy (141). Sinka et al. further support the importance for the induction of tumoricidal
M1 macrophages for the rejection of established tumors (197). The number of intratumoral
CD11b* monocytes had a slight tendency to increase after immunization with GM-CSF and
IFNY. When analyzing their function, we could detect a higher number as well as proportion
of TNFa producing monocytes. These results imply that the combined treatment of GM-CSF
and IFNY affected the phenotype of the monocytes infiltrating the tumor. We believe that the
most obvious explanation for the effects seen after immunization with GM-CSF and IFNY, is
mediated indirectly via IFNy produced by the activated T-cells infiltrating the tumor (142).

In conclusion, analysis of TILs showed that the combined treatment of GM-CSF and
IFNY was coupled to an increase in both intratumoral CD4* and CD8* T-cells but a relative
decrease in T-reg cells. Furthermore the combined immunizations displayed an increase of
putative tumoricidal CD11b*TNFa intratumoral macrophages. Further studies of the function
of the tumor infiltrating T-cells are required in order to conclude if the production of TNFa.
of the infiltrating macrophages is dependent on the activation through IFNY produced by the
infiltrating T-cells, as well as if we have shifted the phenotype from M2 into M1 macrophages.

40



Figure 4, summarizing paper I and manuscript II-III

Recombinant IFNy

Figure 4. Suggested pathway from vaccination to induction of survival using the combined GM-CSF and
IFNY based immunotherapy. 1. GM-CSF transduced GL261 cells (GL-GM) are cultured i vitro. 2. Before
immunization the GL-GM cells are irradiated to inhibit further proliferation in vivo after injection. Irradiation
also increases the immunogenicity of the tumor cells, promoting phagocytosis at the immunization site. 3.
Recombinant IFNYis added to the GL-GM cell solution prior to immunization. 4. After injection i.p. GM-
CSF produced by the GL-GM cells and recombinant IFNY will affect the maturation and differentiation
of the APCs migrating to the immunization site. The recruited APCs will phagocytose tumor cells and
tumor antigens from the dying tumor cells at the immunization site. 5. Systemically GM-CSF enhances the
recruitment and maturation of APCs from bone marrow progenitor cells to the immunization site, which are
further activated by the addition of IFNY. 6. After phagocytosis the APCs migrate to a secondary lymph node
where they will present the phogocytosed tumor antigens on MHC molecules for T-cells. T-cells, properly
activated with all costimulatory signals, will migrate to the tumor site, receiving additional re-activation by
APCs locally in tumor draining lymph nodes and/or at the tumor site. 7. At the tumor site, cytotoxic T-cells
recognizing the tumor cells will secrete cytokines and cytotoxic mediators such as IFNy and Granzyme B.
Despite having direct effects on the tumor cells, IFNY produced by the activated T-cells will also convert
tumor infiltrating macrophages into M1 macrophages, enhancing their tumoricidal activities by secretion of
TNFo leading to enhanced tumor cell killing.
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Monitoring the immune response induced in patients with GBM receiving IFNYy based
immunotherapy

Manuscrpt IV

For the evaluation of clinical trials using immunotherapy, analyses of the induced immune
responses are of great importance. Clinical evaluation of immune responses elicited by the
lymphocytes mainly consist of three commonly used techniques; ELISPOT, tetramer analysis
and cytokine flow cytometry (198). However, each laboratory and each assay have their own
protocol, making comparisons between clinical studies complex (199).

A phase I trial, BRIGTT (Brain Immuno Gene Tumor Therapy), was initiated based on
our previous pre-clinical studies on IFNY-based immunotherapy (Salford et al, manuscript in
preparation). Patients with GBM were vaccinated intradermally every third week with autologous
tumor cells adenovirally transduced with IFNY (200). The aim with our study was to choose and
evaluate appropriate in vitro tests to monitor the immune activation against autologous tumor
cells from patients with glioblastoma multiforme undergoing this immunotherapeutic phase I
trial. Peripheral blood lymphocytes (PBLs) were prepared from the patients and restimulated
with tumor cells iz vitro before analyzes. The tumor cells used for restimulation were cultured iz
vitro, thus they were the same cells as were used for immunization. However, i vitro culture may
select for certain tumor cells and therefore the tumor antigens presented i vitro may not reflect
the tumor antigens presented 2 vivo.

When comparing IFNY produced by the transduced tumor cells used for immunization we
could correlate an IFNYy production of the tumor cells higher than 2500 pg/ml with those patients
also responding to the treatment. These results also questioned if the timing and number of
immunizations were optimal for eliciting the most efficient immune response in the patients.

A total of 8 patients were included in the clinical trial and a prolonged survival was recorded
when compared with a relevant control group (Salford et al., manuscript in preparation). Since
patients with GBM have a better prognosis the younger they are, it should be emphasized that
the two patients with the longest survival also were the youngest patients included in this study
(1, 2). Using ELISpot and cytokine bead assay (CBA) we were able to correlate a more potent
IFNY production from those patients having a significantly prolonged survival. However, this
correlation was more pronounced using ELISpot than CBA. ELISpot assays on lymphocytes
have been shown by others to correlate well with survival in patients with GBM (201-203). The
explanation for the differences monitored between CBA and ELISpot could be explained by
the fact that in the ELISpot assay, the cytokine production was measured from non-adherent
lymphocytes only, while in the CBA both adherent cells (monocytes) as well as non-adherent
cells were included. Tumor derived factors have been shown to induce monocytic cell populations
with immunosuppressive properties. Cancer patients have been shown to contain an increased
proportion of MDSCs as well as immature monocytes, capable of suppressing the induction of
immune responses (197, 204).

We were not able to see a clear correlation of an elevated IL-10 production of the lymphocytes
after restimulation i vitro with patients having a less prolonged survival. In most patients I1L-10,
but not IFNY, was detectable before surgery and initiation of immunotherapy, which could
reflect steroid treatment of the patients. IL-10 is believed to be an indicator for a less efficient
immune response, suppressing the production of IFNYy (186). However, as reviewed by Hocellin
et al. several studies have shown that IL-10 also can act as an immunostimulatory cytokine,
making the role for IL-10 in the context of anti-tumor responses more complex (81).
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The non-immunized patient showed a predominant IL-10 production compared to IFNY,
comparing both CBA and ELISPOT assays, reflecting the efficiency of the immunotherapy.
The specificity of the anti-tumor response was demonstrated by stimulating lymphocytes from
a healthy control with tumor cells, demonstrating an overall low cytokine production. This was
further underscored in one patient after re-operation, when comparing restimulation of the
lymphocytes with tumor cells from either the recurring or the primary tumor.

We conclude that the results obtained by using CBA and ELISpot for analyzes of immune
responses elicited after immunotherapy showed a trend that followed the clinical outcome of the
patients. IFNY production from PBL restimulated i vitro was elevated in those patients having
a prolonged survival. These results may also be helpful to further improve the immunization
protocol, regarding timing and total number of immunizations.
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CONCLUSIONS

In paper I we described the establishment of a new treatment modality for experimental gliomas
in mice. Survival after immunization with the widely used GM-CSF based immunotherapy was
synergistically enhanced if combined with recombinant IFNYy at the immunization site. We could
also demonstrate an increased proportion of tumor infiltrating macrophages, indicating that an
enhanced anti-tumor response was initiated by the immunizations.

In manuscript II we investigated the systemic immune response elicited by the combined
treatment of GM-CSF and IFNY. We could demonstrate that despite a systemic expansion of
MDSCs and T-regs, an increased cytotoxic anti-tumor T-cell response was induced and that the
induction of survival was highly dependent on the T-cells. We could also demonstrate that the
combined treatment of GM-CSF and IFNY could mediate a long-lasting immunological memory.
Finally we showed that immunizations with GM-CSF and IFNY were able to treat established
tumors as well.

In manuscript III we analyzed the local immune responses elicited intratumorally as well as
in the tumor draining CLNs after immunization with GM-CSF and IFNY. The addition of
IFNY reduced the amount of MDSCs as well as T-regs in the TDLNs, which were significantly
increased after immunization with GM-CSF only. Intratumorally, the number of T-cells was
increased and the relative proportion of T-regs was decreased after immunizing with GM-
CSF and IFNY. We also demonstrated an increased proportion of intratumoral macrophages

producing TNFa after immunizing with GM-CSF and IFNY.

In manuscript IV we monitored iz vitro assays for the evaluation of a clinical phase I trial, where
patients with GBM receive an IFNY based immunotherapy. ELIspot and CBA assays on i
vitro restimulated PBLs indicated that those patients having a prolonged survival also had a
higher production of IFNY. We concluded that the ELIspot and CBA assays were feasible in
this context and that they also were able to demonstrate a trend in immune activities following
the survival of the patients.

Concluding remarks and future perspective

Immune responses against gliomas are invoked though they are too weak to eradicate an
aggressively growing glioma. Cytokine based immunotherapy will boost the immune response
and shift the balance from a tumor induced immunosuppression into an efficient antitumoral
immune response, hopefully leading to survival.

Before the translation of immunotherapy into the clinic, thorough evaluation has to be
performed in experimental glioma models. Based on earlier studies in our rat glioma model,
we are currently performing a phase I clinical trial on patients with GBM receiving IFNYy
based immunotherapy. In the mouse glioma model we have now established a more efficient
immunotherapy, where IFNY is combined with GM-CSF. If feasible and proven to be safe for
the patients, GM-CSF and IFNY based immunotherapy may have a chance to be translated into
the clinic in the future.

Further pre-clinical studies are still required in order to improve the treatment against GBM.
Patients with GBM will be treated with both chemo- and radiotherapy and additionally with
immunotherapy. Although chemo- and radiotherapy can have negative on the immune system,
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they may actually act beneficially as well. There are several studies in experimental glioma
models as well as human GBM demonstrating a synergistic effect on the immune responses and
even survival if combining immunotherapy with either chemo- or radiotherapy in an optimal
order (201, 205-207).

There is still much more to be done in order to finally cure patients with GBM.
Hopefully, the results demonstrated in this thesis will bring us a small step closer to that.
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