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ABSTRACT




Synthetic oligodeoxynucleotides expressing CpG im¢CpG-ODN), Toll-like receptor 9 (TLR9)
agonists, are able to induce innate/adaptive imnmasponses and can enhance the antitumor
activity of DNA-damaging chemotherapy and radiatiloarapy in preclinical mouse models.

It was recently reported that peritumoral CpG-ODBatment in preclinical models of ovarian
cancer, activating TLR-9 expressing cells in tummicroenvironment, induces modulation of DNA
repair genes and sensitizes cancer cells to DNAadarg Cisplatin treatment.

In this thesis we investigated whether this treatnieduces modulation of miRNAs in tumor cells
and their relevance to chemotherapy response. Amalysis identified 20 differentially expressed
MiRNAs (16 down- and 4 up-regulated) in human IGRDWvarian tumor cells from CpG-ODN-
treated mice versus controls. Evaluation of the amflthe 3 most differentially expressed miRNAs
on sensitivity to Cisplatin of IGROV-1 cells revedlsignificant increased Cisplatin cytotoxicity
upon ectopic expression of hsa-miR-302b (up-moddlat our array), but no increased effect upon
reduced expression of hsa-miR-424 or hsa-miR-3é@iemodulated in our array). The impact of
expression levels of all 20 differentially expresseiRNAs were associated with time to replase
andoverall survival probability in two data seif ovarian cancer patients treated with platinumvas
found that hsa-miR-302b expression was signifigaatisociated with time to relapse or overall
survival in these patients. Use of bio-informatiasis identified 19 mRNAs potentially targeted by
hsa-miR-302b, including HDAC4 gene, which has besgorted to mediate Cisplatin sensitivity in
ovarian cancer. Both HDAC4 mRNA and protein lewelsre significantly reduced in IGROV-1
cells overexpressing hsa-miR-302b. Altogether,dtfeslings indicate that hsa-miR-302b acts as a
“chemosensitizer” in human ovarian carcinoma s@hd may represent a biomarker able to predict
response to Cisplatin treatment. Moreover, thetitleation of miRNAs that improve sensitivity to
chemotherapy provides the experimental underpinfantheir possible future clinical use.

In the second part of this thesis we tested thieaefy of CpG-ODN in combination with other
possible therapeutic agents in ovarian carcinoneéeagsbearing athymic mice, to mimic clinical
treatment situations in advanced human ovariaragdese

Mice injected i.p. with IGROV-1 ovarian cancer ceWere treated at different stages of ascites
progression for 4 weeks with CpG-ODN alone or inmbmation with Bevacizumab,
Polyinosinic:Polycytidylic acid (Poly(l):Poly(C)¥efitinib, Cetuximab and Cisplatin.

In mice treated when ascitic fluid began to accua@yl CpG-ODN combined with Bevacizumab,
Poly(l): Poly(C) or Gefitinib did not significantlyncrease Median Survival Times (MST), as
compared with that using CpG-ODN alone, whereas NtSmice treated with CpG-ODN plus

Cetuximab was significantly increased (>103 daysctambination vs 62 days for CpG alone; P =
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0.0008), with 4/8 mice alive at the end of the expent. In mice showing evident and established
ascites, evaluated with increase of abdominal velamd body weight (27.9 + 0.8 g after vs 23 +
1.1 g before tumor cell injection), treatment witsplatin in addition to CpG-ODN/Cetuximab led
to significantly increased MST (105.5 days; P =00)) with all mice still alive at 85 days, over tha
using CpG ODN/Cetuximab (66 days), Cetuximab/Cisplél8.5 days), Cisplatin (23 days) or
saline (16 days). At a very advanced stage of des@aody weight: 31.4 £ 0.9 g), when more than
half of control mice had to be sacrificed 6 daywratktarting treatments, the triple-combination
therapy still increased MST (45 days; P = 0.00&9¢antrols.

These data indicated that CpG-ODN combination fiiesathat enhance the immune response in
the tumor microenvironment and concomitantly targehor cells are highly efficacious even in
experimental advanced malignancies. Although dffees in the distribution of TLR9 in mice and
humans and the enrichment of this receptor on énivamune cells of athymic mice must be
considered, our results indicate a promising gjsat® treat ovarian cancer patients with bulky

ascites.



INTRODUCTION




1. IMMUNE SYSTEM and TOLL-LIKE RECEPTORS

The immune system has the capabiliy to detect aliinate pathogens through several
mechanisms, and it may be broadly divided into terend adaptive systems. For many years,
investigations into the pathogenesis of immuneadiss focused on the role of the B and T cells of
the adaptive immune system. In recent years, itde®me increasingly well accepted that the
innate immune system plays an important role ggering these adaptive immune responses.

Cells of the innate immune system, represented dayral killer (NK) cells, monocytes, and
granulocytes, rapidly detect invading pathogens tanabrs in a non-specific manner. The innate
immune system will respond to and contain the imggbathogens and prevent their spread. The
adaptive immune system, represented by cytolyticells (CTL), T helper cells (TH), and
antibodies, is activated by presentation of antigea cognate fashion and will develop an antigen-
specific response to eliminate the pathogen (1).

To protect the host from succumbing to infectiotise innate immune system, which is
evolutionarily more ancient than adaptive immunityst accomplish four fundamental tasks. First,
it must rapidly detect any infectious agent, retgssl of whether it is a virus, bacteria, fungus or
parasite. Second, innate immune cells seem to lyapategorize the type of invading infectious
agent as to whether it is located extracellulardyndracellularly. Third, innate immune defences
appropriate to the pathogen class are activatedter eradicate or at least temporarily contae th
infection (2). Fourth, innate effectors have thditgito activate dendritic cells (DCs), which aas

a bridge between the innate and adaptive immuronsgs, to express co-stimulatory molecules
and effector cytokines. This will result in an enbed ability to activate specific humoral and
cellular immune responses (3). The key characiemdtinnate immune cells that enables them to
identify and classify infection seems to be thepertoire of pattern recognition receptors (PRRS),
which bind certain general types of molecules #ratexpressed across broad classes of pathogens,
but which are absent or restricted in some wayeirtebrates. The best understood family of PRRs
are the Toll-like receptors (TLRs), of which 10 dmeown in humans (4). Toll-like receptors
(TLRs) are a family of evolutionarily conserved lpagen recognition receptors; they are the
mammalian homologues of Drosophila toll proteind &elong to the interleukin-1 receptor (IL-1R)
superfamily (5, 6). TLRs are considered sensorsrigrobial infections or other ‘danger signals’,
and are critical to the linkage between innate aahaptive immune responses (7). TLRs are part of
the innate immune system, which recognizes pathagsaciated molecular patterns through germ-
line encoded pattern-recognition receptors (PRR®)se receptors are present on different immune
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cells, and will recognize and bind certain molestulet are restricted to microorganisms and absent
from vertebrates, or expressed and not normallgssible to TLRs. The specificity of different
TLRs is partially influenced by their structure amweéllular location, which could be either
intracellular or on the cell surface, dependingtlo@ir specificity to intracellular or extracellular
pathogens Rigure 1) (8,9). TLRs belong to the type | transmembraneepéor family. Their
expression is ubiquitous, from epithelial to immuwedls. The TLR family members are pattern
recognition receptors that collectively recognizgid, carbohydrate, peptide and nucleic acid
structures that are broadly expressed by diffeggnups of microorganisms. Some TLRs are
expressed at the cell surface, whereas othersxpressed on the membrane of endocytic vesicles
or other intracellular organelles. There are astld® known TLRs in humans grouped in six major
families, based on their phylogenetic backgrour@.(Each family is attributed to a general class
of PAMPs (Pathogen-Associated Molecular Patteri)Rs 3, 7, 8 and 9 are located mainly in
endosomes; double-stranded RNA are ligands for TR} while TLRs 7 and 8 recognize single-
stranded viral RNA (12), TLR9 recognizes unmethgdaCpG sequences in DNA molecules. The
other TLRs are located on the cell surface (13)R3L, 2, 5, 6 and 10 respond to bacterial, fungal
and viral PAMPs (14-16). Lipopolysaccharides ardR¥Lligands (17). TLR engagement alerts the
immune system and leads to the activation of inmataune cells. Two major signaling pathways
are generally activated in response to a TLR ligéi®). One pathway involves the MyD88-
independent production of type | interferons. Theasid uses MyD88 to activate nuclear factor-
kappa B (NF-kB), JUN kinase (JNK) and p38, finalhgsulting in the production of
proinflammatory cytokines such as TNF-IL-12 and IL-1 and induction of innate effector
mechanisms (19,4). Additionally, TLR triggering uads DC maturation, which leads to the up-
regulation of costimulatory molecules such as CD4D80 and CD86, and secretion of immune
modulatory cytokines and chemokines. In additiodR$ can directly stimulate the proliferation of
CD4" and CDS8 T cells as well as reverse the suppressive fumctidrreg cells (13,20,21). Adding
TLR 3, 4, 7 or 9 ligands was shown to activate CR@totoxic T cells with increased IFiX-

production and promote a stimulatory cytokine noilgg the tumor microenvironment (22,23).
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Figure 1. Microbial ligands and association with known TLRed adaptor molecules. Schematic
representation of the structure of TLRs and theomBi.R ligands. Most TLRs form homodimers, while RZ
associates with either TLR1 or TLR6. TLR signallisgnediated through adaptators such as MyD88, PRA

TRIF or TRAM.

Tumor immunotherapy has evolved since William Colesed crude bacterial extracts to treat
cancer (24). William Coley was a New York surgeohownjected bacteria into patients after
observing that cancerous tumors could regress énféite of bacterial infection. His initial
observations with this dangerous, but in some caffestive, therapy led to use of heat-killed
Serratia marcescensnd group A streptococci, now known @®ley’s toxins Coley treated
hundreds of patients over many years and reponitdas many as 40% of patients achieved some
level of clinical response (24). In the centurytthas followed, others have tried to duplicate his
work, with less success. The reductionistic apgraEcsubsequent research led to identification of
the immunostimulatory effects of various bacteramponents, including lipopolysaccharide.
Indeed, lipopolysaccharide was thought for manyyéa be responsible for the antitumor effects
of Coley’'s toxins. It was not until the 1980s thatgroup of Japanese investigators identified
bacterial DNA itself as a potent immunostimulatdrgction of prokaryotic cultures (25). These
investigators suggested that the immunostimulagdfgcts of bacterial DNA were caused by the
palindromic nature of the DNA sequences (26). I®519Krieg et al. (27) reported that the
immunostimulatory effects of bacterial DNA were roatused by palindromes, but rather by the
presence of motifs containing unmethylated CG deuataes. The identification of this motif
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spawned a new field of research focused on idengfand characterizing the effects of so-called
CpG-containing oligonucleotidd€pG-ODNs) and the mechanisms through which théyAddhe
time of the first report describing CpG-dependantmune stimulation by bacterial DNA, the
receptor was not yet identified (26). An early stirticated that the catalytic subunit of the DNA-
dependent protein-kinase (DNA-PKcs), involved ia tbpair of DNA double-strand breaks, is the
mediator of CpG innate immune activation (28), @althh these studies could not be confirmed (29).
Gene knock down and gain of function experimentglly identified TLR9 as the receptor
conferring CpG reactivity by directly engaging @l DNA or synthetic CpG-ODN in a CpG
motif-dependent manner (25,30-33). Research owermp#st years suggests exploitation of these

mechanisms holds significant promise for develogménew cancer immunotherapies.

EXPRESSION AND LOCALIZATION OF TLR9

In humans, in bone marrow derived cells TLR9 isregped preferentially in memory B cells (34,
35) and plasmacytoid dendritic cells (pDC) (36-38)t is still a matter of discussion the expression
in monocyte/macrophage cells (39-4I).murine, TLR9 is expressed on B cells, pDC, mgtes,
macrophages, and dendritic cells (42,43). In ndivaed immune cells TLR9 is expressed in the
endoplasmic reticulum (ER). Upon cellular activati@LR9 traffics to endosomal and lysosomal
compartments, where it interacts with endocytosp&-ONA at acidic pH, a condition that is
thought to be necessary for DNA recognition (44-{@ggure 2).

It is well known that the TLR9 activation on pDQsduces secretion of type | interferon and
increases expression levels of co-stimulatory moés; such as CD80 and CD86; this is believed
to initiate a range of secondary effects, includimg secretion of cytokines/chemokines MCP-1, IP-
10 and IL-12, the activation of NK cells and expansof type 1 helper T cells and cytotoxic T
lymphocyteq47;2).
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Figure 2. Activation of TLR9 induces secretion of proinflaratary cytokines and type | IFN dependent on ligand
localization. CpG-A ODN or CpG-B ODN complexed tartsfection agents reside in the endosome andtmitRF-7
activation leading to type | interferon. In contraSpG-B ODN itself traffics to the lysosome andiates IRF-5 and
NF«B. In general, expression of proinflammatory cyt@s is induced via IRAK1, IRAK4, TRAF6, and TRAH3pe

I IFN production in plasmacytoid dendritic cellscisntrolled by TRAF3, TRAF6, osteopontin, and IRF-7

Compounds that interfere with endosomal acidifaratisuch as the weak base chloroquine and
bafilomycin Al, an inhibitor of the ATP-dependentidification of endosomes, consequently,
prevent CpG-DNA-driven TLR9 activation (48,49). Thelecular basis for the retention of TLR9
in the endoplasmic reticulum (ER) in quiescentahid the subsequent trafficking to the endosome
upon cellular stimulation is unclear. Recently thembrane portion of TLR9 has been implied in
trafficking (50,51), although a recent report hdmllenged this view. Accordingly, this report
demonstrates that a tyrosine-based (YNEL) targetnugif in the cytoplasmic domain and the
extracellular domain per se regulates TLR9 traffigkindependent of the transmembrane domain
(45). Despite these conflicting results on the ficking-determining domain of TLRY, it is
important to note that TLR9 trafficking to the esdme/lysosome does not seem to involve the
Golgi apparatus, since the mature protein retdiesénsitivity to the glycosidase Endo H, a usually
feature of ER-resident proteins. Which alternativeute TLR9 uses to reach the
endosomal/lysosomal compartment is currently unkmoiwhe recently described ER resident
protein unc93b may be involved in TLR9 traffickisgnce a dominant negative mutant of unc93b
leads to non-responsiveness of TLR9 (together WitR3, TLR7) accompanied by the disruption
of TLR-unc93b interaction (52,53). To explore st in which human and murine TLRs may play
a role, it was found that TLR mRNAs is expressedarmal human and murine tissues and in cells
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activated by microbial or inflammatory compounitsleed, TLR9 expression has been detected on
intestinal epithelial cells, and an involvementiiwe maintenance of colonic homeostasis has been
suggested (54,55). Interestingly, on epithelialscELR9 is expressed on the apical and basolateral
membrane, and TLR9 signaling varies in a site-$§jgeenanner. Whereas basolateral TLR9
stimulation leads to activation of the nuclear dadtappa B (NF<B) pathway, apical TLR9
activation prevents NkB activation by accumulation of N&B inhibitory protein | kappa B-alpha
(IkB—a). Furthermore, apical TLR9 stimulation confersetahce to subsequent TLR challenges,
suggesting that apical exposure to luminal micdloBIHA controls intestinal inflammation (55).
This mechanism was demonstrated for pro-inflamnyabaicterial product (or pathogen-associated
molecular pattern) flagellin, that is a potent eator of intestinal epithelial pro-inflammatory gen
expression. Flagellin is secreted by commensalpatitiogenic bacteria and promotes inflammation
only if it crosses intestinal epithelia and corgaitteir basolateral membranes, apical flagellin has
no effect. TLR5 could activate proinflammatory gemgression in response to flagellin. Further,
TLR5 is expressed on the basolateral, but not hscaface of model epithelia, thus providing a
mechanism by which microbes that invade or tramgéodlagellin, but not commensal bacteria,

induce intestinal epithelia to orchestrate an mfizatory response (56).

TLR9 EXPRESSION ON TUMOR CELLS

TLR9 expression has also been reported in non-inenoefis, including pulmonary epithelial and
endothelial cells (57,58), keratinocytes (59), andstinal epithelium (60,61).

Kundu et al. (62) have shown that immortalized ta@sepithelial cells, expressing TLR9, exhibit
enhanced proliferation when cultured in the presemicCpG-DNA. These stimulated cells were
shown to be less susceptible to TNF-alpha indupegtasis and to cell death.

Other authors, such as llvesaro et al. (63), pexvidvidence that TLR9 agonistic unmethylated
CpG oligonucleotides (CpG-ODN) promote matrix megaoteinase-13 (MMP-13) activity,
resulting in enhanced migration of human prostatecer cells expressing TLR9. CpG-ODN is
well-known surrogate molecule for pathogens regjdingenitourinary system, such as E. coli and
some DNA viruses (HPV for example). These data stiaw pathogens frequently encountered in
this milieu may enhance malignant transformatioth laoost cancer cell spreading. Moreover, it has
been found that not only natural, but also synth€pG-ODN may function as vaccine adjuvants

for infectious diseases as well as for cancer (64).
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The role of TLRs expressed on tumor cells in thasen of immune surveillance was elegantly
demonstrated in animal experiments (65).

While numerous basic and clinical studies have stigated the immunostimulatory effects of
TLR9 agonists on the innate and adaptive immunéeBys that could lead to the regression of
tumors in vivo, only few studies have discussedsigaificance of TLR9 expression on tumor cells
(66). It was demonstrated that TLR9 activation d¢aad to the proliferation of immortalized
prostate cells (62), or to the promotion of matngtalloproteinase (MMP)-13 activity, resulting in
enhanced migration of human prostate cancer ceifgessing TLR9 (67,63). These studies
demonstrated how TLR9 agonists from pathogens ereped in the genitourinary system may
enhance malignant transformation and boost camdkesmreading through inflammation-dependent
mechanisms (66,68). On the other hand, other resedrowed mixed results regarding the direct
effects of TLR9 agonists on tumor cells expressihgR9. While some studies have shown that
treatment of tumor cells expressing TLROvitro with TLR9 agonist, at different doses, did not
produce any effect on tumor growth, others havevshthat the expression of molecules, such as
CD22, CD25, CD52, and HLA-DR might be enhanced wmdr cells, making them targets for
different therapeutic approaches, such as the tiseonoclonal antibodies (69,70). Others have
reported that TLR9 signaling could enhance the statia potential of human lung cancer cells
(95D) in nude mice, which might be related to thevated proliferation and IL-10 secretion by the
cells (71). Basically, the direct effect of TLR9asgsts on tumor cells needs to be further explored,
and will depend, among other things, on the exprass TLRO.

CELLULAR SIGNALING MEDIATED BY TLR9

TLR9-mediated signaling proceeds through MyD88adaptor protein recruited to the TIR, which
then activates the IRAK1-TRAF6-TAK1 pathway (72,78nlike TLR4-mediated signaling, the
TIR domain-containing adaptor protein/MyD88-adagiitez (TIRAP/MAL) is not involved in
TLR9-mediated signaling. Recently, a novel adaptelecule associated with MyD88-independent
as well as MyD88-dependent pathways was identi{ie8). Several studies suggest that this
molecule, TIR domain containing adapter inducingN4F (TRIF), is also involved in TLR9-
mediated signaling. The TLR9 signaling cascade luieg mitogen-activated protein kinases
(MAPKS), such as p38, c-Jun NH2-terminal kinasek)lxtracellular receptor kinase (ERK), and
NF-kB-inducing kinase (NIK)-IKK-IkB pathways (74-Y6The activation of ERK by CpG-DNA
contributes to the production of IL-10 by macropésmgout is not active in dendritic cells (DCs) or
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B cells (75,77). The signaling cascade culminatethé activation of several transcription factors
including NF-kB, activating protein-1 (AP-1), CCAA@nhancer binding protein (C/EBP), and
cAMP-responsive element-binding protein (CREB), eithdirectly up-regulate cytokine/chemokine

gene expressiorF{gure 3) (75,78-80).
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Figure 3.Class Il PI3K (PI3K (Il1)), EEAL, and Rab5 mediahe trafficking and maturation of endosomes doirtg
CpG DNA and TLR9, by which TLR9 transduces intragyasmic signal. The signal initiates with the teégnent of
MyD88 to the TIR, which then activates IRAKTRAF6AK1 complex. This leads to the activation of botiARKs
(JNK1/2 and P38) and IKK complex, culminating upragion of transcription factors including NF-kB carAP-1.
Rafl-MEK1/2-ERK1/2-AP-1 pathway is involved in CpBNA-induced IL-10 production in macrophages. The
alternative pathway mediated by class | PI3K (P({Bk PDK1-AKT/PKB is also suggested to be involviedTLR9-
mediated cellular activation.

In macrophages, CpG-DNA also induces IEFNsroduction, which then up-regulates STAT1
phosphorylation and IP-10 production through I&fR-receptor in an autocrine manner (81).
Studies using chloroquine (CQ) or wortmannin (WMpwed that these agents could block CpG-
DNA/TLR9 signaling but not LPS/TLR4 signaling (28,82). Since cell surface binding and

uptake of an ODN is not influenced by the presasfce@ CpG motif, endosomal maturation, which
is the target of CQ, is believed to be an essestéy in signaling (29,78). Taken together with the
data on the subcellular distribution of CpG-DNA désed above, co-localization of CpG-DNA
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with TLR9 in endosomal vesicles, and the accompanynaturation and movement of those
vesicles, seems to be involved in signaling indiat Although one group reported that the
suppression of CpG-DNA signaling by WM reflectec timhibition of DNA-dependent protein
kinase (DNA-PK) (18), others find that DNA-PK KO eei and SCID mice respond normally to
CpG-DNA (82,83). It was observed that WM treatmledtto a reduction in the size and number of
endosomes containing both TLR9 and CpG-ODN, suggges$hat phosphatidylinositol 3 kinases
(PI13K), which are also targets of WM, are involvedvesicular trafficking of CpG-DNA (82).
Indeed, Rab5-mediated recruitment of class Il P(BK3K (lIl)) leads to the production of PI(3)P
in the endosomal membrane, which binds to the FYdmain of early endosome antigen 1
(EEAL), recruiting it on to the membrane. The rédedi EEA1 also associates with Rab5 and
regulates homotypic fusion and trafficking of eaglydosomes (84-86). The PI(3,4, 5)P3, product of
class | PI3K (PI3K (1)), has been demonstrated diivate a signaling cascade consisting of 3-
phosphoinositide-dependent kinase-1 (PDK1) and phetein kinase Akt/protein kinase B
(AKT/PKB) (87,88). Ligand-induced association of R2 ICD and PI3K (I) was reported to
activate the AKT/PKB-NF-kB pathway (89). CpG-DNA sal induces phosphorylation of
AKT/PKB thereby inhibiting apoptosis in DCs, an esff that is reversed by a PI3K inhibitor,
LY294002 (90). However, recent data demonstraté Bié-p85a, which specifically blocks the
function of PI3K (I), but neither DN-PDK1 nor DN-AKPKB, inhibits TLR9-mediated NF-kB
activation in HEK293 cells. This suggests that:P13K(I) also regulate vesicular trafficking of
CpG-DNA and TLR9 and/or 2) another pathway medidtedPI3K(l) but not through the PDK1-
AKT/PKB pathway is involved in TLR9-mediated NF-k&tivation in HEK293. PI3Ks and their
second messengers therefore seem to play pivaésl ab distinct steps (i.e. vesicular traffickirog f
the association between CpG-DNA and TLR9 and tigmating pathway directing AKT/PKB
activation) in CpG-DNA/TLR9-mediated cellular action.

CLASSES OF SYNTHETIC CpG OLIGODEOXYNUCLEOTIDES

The immune stimulatory effects of CpG-DNA are expa at least in part by differences inherent
to genomic DNA of vertebrates and pathogens: veatebCpG dinucleotides are methylated and
their frequency is suppressed, while viral and d&raat CpG dinucleotides are non-methylated and
occur with a much higher frequency (27). Synth€p&-ODN can be generated containing specific
CpG sequence motifs, sugar, base or backbone mafiliins as well as secondary and tertiary
structures that all affect the immune modulatorfeas of CpG-ODN TLR9 ligands to different
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degrees Kigure 4). B-Class ODN with one or more 6mer CpG motif wille general formula
“purine-pyrimidine-C-G-pyrimidine-pyrimidine” (27)are strong stimulators of human B cell
responses, and induce maturation of human pDCs.6ifer motif 5GTCGTT-3 represents the
optimal human CpG motif (76), whereas@ACGTT-3 is the optimal murine CpG motif (27,91).
The length, the number of CpG maotifs, their spacipgsition and the surrounding bases also
determine the activity of B-Class ODN. The mostgpdtODN for activating human cells usually
have three CpG motifs and are between 18 and 26éatides in length (91), additional CpG motifs
do not much further enhance activity. Chemical rficalions of the backbone, the heterocyclic
nucleobase or the sugar moiety further may enhahee activity of B-Class CpG-ODN.
Phosphorothioate (PS) modifications of CpG-ODN ifitehthem against nuclease degradation and
enhance their activity by about 10 to 100 fold caneg to phosphodiester (PO)-ODN that either
have to be added repeatedly or to be combinedamthptake enhancer to result in similar activity
(92,93).
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Figure 4. PS ODN differ from native phosphodiester (PO) DNEBNXDonly in the substitution of a sulfur for onetbge
non-bridging oxygen atoms. This change improvesrthavo stability of the ODN from a half-life of ew minutes to
about two days for the PS ODN.

In contrast to the charged phosphodiester and ploosihioate backbones, replacement with non
charged backbones results in decreased immune latonu activity (94). CpG-ODN with 2
Omethyl or 220-methoxyethyl sugar modifications induce decrdasemune stimulation (95,96),
substitutions with a RNA derivative, locked nuclamd (LNA) and even can eliminate the immune
stimulatory effects of CpG-containing phosphoro#ttéoODN (97). In principle, any modification
of cytosine at the CpG motifs is usually not walletated, while TLR9 appears to be more

forgiving to modifications at the guanosine posit(96,98).
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A-Class CpG-ODN is defined by G runs with PS linkagat the 5and 3 ends surrounding a
phosphodiester palindromic CpG-containing sequegi®8100). Intermolecular tetrad and high
molecular weight aggregates are formed via the Sdues that enhance stability, increase
endosomal uptake and ligand concentrations (96,164ylting in strong pDC IFN-production by
these CpG A-Class ODN. Albeit strong IFNand IFN$ stimulators, A-Class CpG-ODN are
relatively weak in inducing other TLR9-dependenteefs such as pDC maturation or B cell
proliferation (102). Similar to the B-Class, thetiaty of A-Class ODN is influenced by length,
modifications of the base, sugar or backbone. A€I@DN require a chimeric backbone, the
stimulatory effect is lost when the entire lengthte backbone is PS modified (99,100). The CpG
C-Class has some sequence requirements simildnetdtClass and combines the modulatory
characteristics of the A- and B-Classes, stimujptstrong B cell and pDC type | interferon
production. C-Class ODN consist of a stimulatorydreeric CpG motif positioned at or near the 5
end and linked by a T spacer to a GC-rich palindcasequence (102). The full immune activity
requires physical linkage between the two domaind,a wide range of modifications that maintain
the GC-rich palindrome are well tolerated, althodgistroying the palindrome abrogates IFN-alpha
production (102). The formation of secondary andtiaey structures appears to control
compartmental retention and intracellular distribmit The A- and C-Classes localize to different
endolysosomal compartments than the B-Class CpG-QmU8). The A- and C-Classes trigger
IRF-7- mediated intracellular signaling pathwaysnir early endosomes leading to strong kN-
induction, whereas the B-Classes mainly stimulat&Bdmediated signaling from late endosomes
resulting in strong B cell activation. Palindronsiequences are involved in the formation of higher
ordered structures and immediately affect stabilityptake characteristics and intracellular
localization. Introducing a palindrome and incregsits length in a B-Class CpG-ODN result in a
stepwise increase of type | IFN production. ItlIsogpossible to combine thé GC-rich palindrome

of C-Class ODN with a non-GC-ricH palindrome. Such double palindromic or P-Class N

do not only form hairpins at their GC-richéhds, but also form concatamers due to the pressinc
the B palindrome. These highly ordered structures apfmebe responsible for the strongest type |
IFN induction observed with CpG-ODN. Similar to tAeClasses, P-Class ODN may enter early
endolysosomal compartments preferentially indutivegIRF7 signaling pathway (104).
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A-class ODN 2216

OODOBCEEEC
» CpG are phosphaodiester, in palindrome

* Strongly induce pDC IFNo: secretion

¢ Moderately induce pDC maturation

* Poorly induce B-cell proliferation

B-class ODN PF-3512676
0,C.©0,C,00,0,0,0,0.0,°,9,0,00.0.0,0,,,0,0,

* Phosphorothioate backbone, linear
* Strongly induce B-cell proliferation and pDC maturation
* Poorly induce pDC IFNot secretion

C-class ODN 2395
OO DOBDDD OOV
-V

- A OOCOOOT OO OO
¢ Phosphorothioate backbone, 3" palindrome forms duplex
» Has combined intermediate effects of both the A- and B-classes

Figure 5. Three major classes of CpG-ODN that are strudiu@hd phenotypically distinct have been described.
Examples of each class are shown in the figuregusie ID numbers from the published reports (PE2856 formerly
was also known as ODN 2006 and CpG 7909), togetitarthe immune effects and structural charactesghat are
specific to the class. The A-class CpG-ODN (alderred to as type D) are potent inducers of interfe. (IFN-o)
secretion (from plasmacytoid dendritic cells), boty weakly stimulate B cells. The structures otlass ODN include
poly-G motifs (three or more consecutive guanirssghe 5 and/or 3ends that are capable of forming very stable but
complex higher-ordered structures known as G-tefradd a central phosphodiester region containitegy ar more
CpG motifs in a self complementary palindrome. Ehemtifs cause A-class ODN to self-assemble intwoparticles.
B-class ODN (also referred to as type K) have apletaly phosphorothioate backbone, do not typicelyn higher-
ordered structures, and are strong B-cell stimdabot weaker inducers of IeNsecretion. However, if B class CpG-
ODN are artificially forced into higher-ordered wgttures on beads or microparticles, in dendrimersith cationic
lipid transfection, they exert the same immune ifFodis the A-class CpG-ODN, thereby linking thenfation of
higher-ordered structures to biological activitheTC-class CpG-ODN has immune properties internedietween the

A and B classes, inducing both B-cell activationl &fN-o. secretion. These properties seem to result fraruttique
structure of these ODN, with one or moreCGpG motifs, and a'3palindrome, which is thought to allow duplex
formation within the endosomal environment.

CpG-ODN STIMULATE THI1-LIKE INNATE AND ADAPTIVE IMMUNITY

The immune effects of administering CpG-ODN to hamaeem to result directly from activation
of the immune cells that constitutively express BLB cells, and pDCs. CpG-ODN require no
delivery systemn vitro or in vivo, they can simply be administered in saline andspomtaneously
taken up by most immune cells, in particular B £elhd DCs (ODN uptake is not restricted to
TLR9-expressing cells). ODN uptake by lymphocytesnergy and temperature dependent and
greatly increased by cell activation; it also seam®e receptor mediated, although the specific
receptors remain largely obscure (2). Immune resp®ican be broadly divided into two types1 T
and TH2. TH1immune activation is optimized for fighting intrdicgar infections such as viruses and
involves the activation of CTLs and NK cells thainclyse infected cells. This type of immune
activation is the most highly desired for cancerdépy, as the same defenses can be directed to Kkill

tumor cells. In contrast, HE immune responses are directed more at the satrefispecific
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antibodies and are relatively less important fondu therapy. One of the most notable features of
TLR9 activation is the remarkably strongiTesponses that are triggered. The immune response t
infection or TLR stimulation occurs in two phas#®e first to be activated is antigen-nonspecific
innate immunity, followed by antigen-specific adeptimmunity Figure 6). TLR9 stimulation
with any class of CpG-ODN activates innate immunaith a predominantly d1 pattern of
cytokine and chemokine secretion by B cells and pand by other immune cells that are
activated secondarily). In response to TLRO stimaog B cells and pDCs also express increased
levels of co-stimulatory molecules (such as CD8d &D86), TNF-related apoptosis-inducing
ligand (TRAIL), which can induce tumor cell deattpyd CC chemokine receptor 7 (CCR7),
activation of which causes cell trafficking to tAecell zone of the lymph nodes, and show
increased resistance to apoptosis (4). TLR9-matliateate immune activation and pDC and B cell
maturation are followed by the generation of amtigpecific antibody and T cell immune
responses (4). The pDCs activated through TLR9rheccompetent to induce effective Clahd
CD8 T cell responses (105-109). Both A-class and BscasG-ODN increase the ability of pDCs
to induce antigen-specific CB8& cells with a memory phenotype; the B-class CpGNO#&lso
increase the frequency of CD® cells with a naive phenotype (110). B cells ateorgly
costimulated if they bind specific antigen at tlaeng time as TLR9 stimulatiorfrigure 6). This
selectively enhances the development of antigecifspeantibodies, suggesting that CpG-ODN
might be useful as vaccine adjuvants, especiatlyhf® induction of strong+i-biased immunity.
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Figure 6. Among human immune cells, B cells and pDCs cantstély express TLR9. These cells endocytose DNA
into an endosomal compartment where it binds to 9LRrming a signaling complex. If the DNA contains
unmethylated CpG motifs, TLR9 is stimulated, and tell becomes activated. In pDCs, this resultsype | IFN
secretion, which activates NK cells, monocytes, atter APCs, and in the pDC maturation into a nedfective APC
able to activate naive T cells. Opposing these imgboosting effects, pDCs activated through TLR® aiediate
immune-suppressive effects through counter-regudsetors such as indoleamine 2,3-dioxygenasetlamdeneration
of Tregs In B cells, TLRY stimulation results in the seie of proinflammatory cytokines, such as IL-6dain the
release of immune regulatory cytokines that mighitlthe intensity of the inflammatory responsecisias IL-10.
TLR9 activation of B cells confers a greatly inged sensitivity to antigen stimulation and enhantiesr
differentiation into antibody-secreting plasma seOn balance, these immune effects of CpG DNA gdliggpromote
strong 1 CD4+and CD8 T cell responses. However, the concurrent actimadfocounter-regulatory pathways such as
the induction of Togslimit TLR9-induced immune activation, offering atgntial for enhancing the therapeutic efficacy
of TLR9 agonists by co-administration of antagaistone or more of these inhibitory pathways.

DRUG-LIKE PROPERTIES OF SYNTHETIC CpG-ODN

Some of the characteristics of synthetic ODN arieqattractive for drug development, whereas
others are less favourable. The technology for cerial-scale (multi-kilogram) ODN synthesis
and purification, carried out according to Good Mfacturing Practices, has been well developed
during the past decade of antisense and aptamer development. Antisense and aptamer
oligonucleotide drugs have been approved by theFD8&, establishing a regulatory pathway for
this general class of drugs. The absorption, thstion, metabolism and elimination (ADME),
properties of synthetiphosphorothioat€PS)-ODN with and without CpG motifs, have beerllwe
characterized and reported in the extensive lieegabn antisense ODN, which has shown these
characteristics to be essentially sequence-indegeen(d@11,112). ODNs given subcutaneously are
slowly absorbed from injection sites (with the heghconcentration in the draining lymph nodes for
the first several days after injection), and themee the systemic circulation, where they
demonstrate high-capacity, low affinity bindinggtasma proteins, principally aloumin. ODN are
rapidly cleared into tissues, especially the livedneys and spleen, but do not seem to cross the
blood-brain or blood—testes barriers. Catabolist®DN typically occurs by exonuclease digestion
and base clipping, primarily at thé 8nd, resulting in natural DNA bases and thiophasph
metabolites that are excreted in the urine. Theumareffects of CpG-ODN administration through
different routes result from their ADME charactégs. In studies with TLR9 knock-out mice,
TLR9 was found to be the receptor for CpG-ODNs, praled that CpG-ODN exerted its effect
through the activation of TLR9 (43,113). Also sutacieous administration of CPG 7909 (Coley),

which results in high levels of the compound in tlaining lymph node (which would contain a
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relatively high concentration of TLR9-expressingis)einduces high levels of serum cytokines and
chemokines (114). On the other hand, even relgtiviglhh-dose intravenous administration of CPG
7909, which is rapidly diluted in the blood andajproximately 95% protein bound, fails to induce
measurable serum cytokine responses in humaa$). (Because the pharmacodynamics of
subcutaneous CpG-ODN results from the local ODNceatration in the draining lymph nodes,

they do not match the systemic pharmacokinetics.

Drug-like characteristics
o Excellent aqueous solubility

e Spontaneous intracellular uptake by certain immune cells (including especially those
that express Toll-like receptor 9 (TLR9))

o Relatively simple solid-phase Good Manufacturing Practice synthesis (multi-kilogram
scale) and chromatographic purification

» Comparatively well-understood chemistry enables diverse studies of structure—
activity relationships

» Metabolites are mostly normal components of DNA, not novel small molecules

* Range of backbones available for modulating compound stability for different
applications

e Can be administered through virtually any drug route (including oral)

* Dose exposure required for immune stimulation is ~0.1-1% of that required for
antisense applications

o Excellent stability in aqueous solutions at physiologic pH, even at room temperature

 Well-developed highly analytic methods for Chemistry, Manufacturing and Controls
(liquid chromatography-mass spectrometry is state of the art)

o Very sensitive methods available for detection of ‘cold’ compound®*

Non-drug-like characteristics

* Medium size: molecular mass ~6,000-8,000 Da (length typically 18-25 bases)
¢ Highly charged polyanions

¢ Phosphorothioate and some other backbones are chiral

e Poor stability of purines in acid solution

¢ Cleaved by nucleases in serum or cell extracts (phosphorothioate backbone is
relatively nuclease resistant)

¢ Highly protein bound

* Non-uniform organ distribution; highest tissue levels in kidney, liver and spleen after
systemic delivery

* Pharmacokinetics do not match pharmacodynamics after subcutaneous delivery

» Sequence-independent effects, including concentration-dependent activation of
complement proteins and prolongation of partial thrombin time

Table 1.Characteristics of CpG oligodeoxynucleotides
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PRECLINICAL STUDIES OF TLR9 AGONISTS

CpG-ODN has been tested in several mouse tumor Im@tEs) and has shown moderate success
in inducing rejection of established tumors wheedualone. On the other hand, CpG-ODN induced
the rejection of larger tumors when it was combingth other antitumor treatments, such as
radiation and monoclonal antibodies (116). Thusrehs some problem to extrapolate the positive
effects seen in mouse models to humans.

The effects of CpG-ODN monotherapy can vary widdlgpending on the tumor type. Moreover,
its mechanism of action varies depending on sevVacabrs, such as MHC expression of the tumor,
the susceptibility of the tumor to several immuffeaors, such as NK cells, T cells, or even TLR9
expression on the tumor cells (117-119). CpG-ODBisduas monotherapy could be effective in
inducing regression in C3 model of cervical canegnen it was injected subcutaneusly (120).
However, the injection site was critical, sincesttjon of CpG-ODN at distant sites was ineffective
or less effective, in the treatment of other tummardels, compared with peritumoral or intratumoral
injection. Mice with two bilateral C26 tumors rejed both tumors upon peritumoral injection of
one tumor, indicating the development of a systamimune response. Mice that rejected a tumor
upon peritumoral CpG treatment remained tumor &ee were protected against rechallenge with
the same tumor cells, but not with the other tundemonstrating long term memory (121,122).
Peritumoral administration of CpG-ODN was also effee in impeding the progression of tumors
in BALB/c mice transgenic for the rat/neu transforghoncogene (123).

When CpG-ODN was combined with chemotherapy, it wage effective than chemotherapy
alone (116). Mouse tumor models treated with Cp@NOID combination with fluorouracil,
topotecan (topoisomerase | inhibitor) (124), cyblegphamide (125), or paclitaxel (126) showed
substantial improvements in survival. The increaséfitacy of these combinations in mouse
models led to several clinical trials, where CpGMN[agatolimod) was used in combination with
standard taxane/platinum chemotherapy in phasadiliatrials in patients with non-small cell lung
cancer (NSCLC). CpG-ODN was also combined effetivath chemotherapy (fluorouracil plus
leucovorin or irinotecan) and DC-based immunothegrap the C26 mouse model of colon
carcinoma

(127).

24



VACCINES

CpG-ODNs have also been used in vaccination stediexljuvants, and have induced a goed T
type immune response (128,129). The efficiency @EE€DNSs in inducing a Hi based response is
thought to be due to synergy between TLR9 and themIBreceptor, which results in antigen-
specific B-cell stimulation, inhibition of B-cellp@ptosis, enhanced IgG class switching and DC
maturation and differentiation (2,27,130,131). Toeeinjection of antigen-pulsed, mature DCs and
CpG ODNSs with a peritumoral injection of CpG-ODNgiged a CD8T-cell response resulting in
tumor rejection and long-term protection in the @2édel of colon carcinoma (127). Moreover, in
a preclinical model of colon cancer, a vaccine comlg CpG-ODN with GM-CSF and class | and
class Il restricted mucin (MUC) 1 peptides was ssgstul in breaking MUC1 self-tolerance, and in
eliciting a robust antitumor response in MUCI trg@isic mice (132). The immune response caused
complete rejection of tumor cells in the prophyiasetting, while in the therapeutic setting, tumor
burden was significantly reduced (132). When a D@dr cell fusion vaccine was used in mice,
along with the TLR9 agonist ODN 1826 and the TLR®rast PolylCLC, a synergistic effect was
shown, which was enough to achieve tumor rejedti@at could not be achieved by the vaccine
alone. This effect was shown to be mediated byaL{(1133). Moreover, the use of CpG-ODN in
mice as a vaccine adjuvant allowed to decreasentigen dose by half, while maintaining the
same level of antibody response, when comparedthite mice receiving the full dose of antigen
without the CpG-ODN adjuvant (134). Also, when CP®BN was used with the recombinant
hepatitis B virus surface antigen vaccine in mibe, titers of antibodies against hepatitis B swfac
antigen (HbsAg; anti- Hbs) were 5-fold higher thanmice immunized with HbsAg and the
standard adjuvant, aluminum hydroxide (135). Thavilg of CpG-ODN to induce humoral

immune responses has also been confirmed in nomimpmMmates and in humans (136-138).

CpG-ODNs IN CANCER CLINICAL TRIALS

NON-HODGKIN'S LYMPHOMA

Non-Hodgkin’s lymphoma (NHL) normally responds tamune-modulating treatments, such as
IFN, IL-2, and monoclonal antibodies (139-141). Agjianod (CpG 7909) has been used in a phase
| trial, to test its efficacy as monotherapy in\poaisly treated NHL patients. Twenty-three patients
were treated with 67 three weekly IV infusions ajaolimod at doses ranging from 0.01 to 0.64
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mg/kg/w. Patients were evaluated for several imnagio parameters and clinical endpoints
before, during, and after treatment with Agatolimddhese included a blood count, urinalysis,
serum chemistries (including glucose, renal, angahe profiles), coagulation proteins (including
prothrombin time, activated partial thrombopladime, and fibrinogen levels), ECG recordings,
and immunologic assays (including erythrocyte seditation rate, antinuclear antibodies, anti-
double-stranded DNA, C3, C4, and CH50 activity)mibu measurements were obtained by CT.
Twenty-three patients completed therapy, and thatiient was well tolerated with infrequent
transient grade 1 and 2 adverse events, includmpgriglycemia, nausea, chills/rigors, hypotension,
and fever. Serious adverse hematologic eventsydgsenore than once, included anemia (n = 2),
thrombocytopenia (n = 4), and neutropenia (n =a) were largely judged to be related to disease
progression. Beginning day 2, there was an increaslee absolute numbers of NK cells and the
mean ratio of NK cell concentrations when compaséthi pretreatment levels was 1.44 (95% CI
0.94, 1.94) on day 2 and was 1.53 (95%CI 1.14,)10dlday 42. NK activity also increased in
patients, along with antibody-dependent cellulatotoxic activity, which increased in select
cohorts. There were no biologically significant ebas in the levels of serum cytokines (IL-12, IL-
18, TNF«), chemokines (IP-10, MCP-1, MIP-1b), or markersnomune activation (IgM, 1gG, C-
reactive protein) at any of the dose levels tessedym IL-6 levels rose transiently after the first
injection, then returned to baseline within 48 oun general, immunomodulatory effects of
agatolimod were greater at lower rather than ahdriglose levels. No clinical responses were
documented at day 42. A partial radiographic respamas observed in two patients at 3 months,
without further NHL therapy. This study concludedhtt Agatolimod can be given safely to
previously treated NHL patients, with evidence fimmmunomodulatory effects primarily in the
dosage range of 0.04—-0.16 mg/kg (142,143).

A phase | trial was designed to investigate thetgafolerability, and preliminary antitumor activi

of Agatolimod in combination with monoclonal antdyo

A promising treatment of various B-cell lymphomas, demonstrated in murine models, is the
combination of CpG-ODN with rituximab, an antibodgainst CD20, a cell surface marker that is
widely expressed on B cells. CpG-ODN was foundrtbamce the expression of CD20, the target
antigen for rituximab, on various types of B-cglhlphoma (144).

Patients with relapsed/refractory CBDZ)cell NHL received Agatolimod through IV or SC tes,

in combination with standard-dose Rituximab (14%gtients with relapsed or refractory NHL, who
were candidates for Rituximab as a single agenteg warolled in one of three cohorts. All patients
received IV Rituximab 375mg/a#week for 4 weeks followed by Agatolimod weekly #weeks
administered SC (0.01, 0.04, 0.08, or 0.16mg/kdiocol; n = 19) or IV (0.04, 0.16, 0.32, or
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0.48mg/kg; cohort 2; n = 19). Cohort 3 (n = 12)eiged Agatolimod 0.24mg/kg administered SC
weekly for 20 weeks. Patients were monitored fardity and tumor response. The combination of
Agatolimod with Rituximab was well tolerated, and@ss all groups, 38 of 50 patients had one or
more adverse events. The most frequent adversdsewene mild or moderate flu-like symptoms
(e.g. fever, fatigue, headache), and local injeesibe reactions, including erythema, pain, and
edema. Grade 3/4 adverse events, which includedpHgpenia, neutropenia, diarrhea, and
dehydration, rarely occurred in more than one pate at >1 dose level. Among patients enrolled
in the 4-week dosing cohorts, 4 of 19 (21%) iniWerm and 2 of 19 (10.5%) in the SC arm had a
complete response (CR) or partial response (PR),thare were 11 (57.9%) and 10 (52.6%)
patients, respectively, with stable disease as tesgtonse. A total of 6 of 12 (50%) patients in
cohort 3 had a CR or PR, and there were three (Z&#@nts with stable disease. Cytokine and
chemokine measurements demonstrated biologicalitgcin cohort 3. It was concluded from this
study that Agatolimod can be given safely in commbon with Rituximab to NHL patients by both
the IV and SC routes, without apparent exacerbatfd®ituximab-related infusion toxicity (146).

In another phase | trial, 1018 ISS, also this Cpl@NQin combination with Rituximab was used to
treat relapsed NHL patients. Twenty patients weeateéd with four weekly Rituximab infusions
and 1018 ISS was administered SC once a week feeeks, starting after the second dose of
Rituximab (147). Patients were assigned to oneoaf toses of 1018 ISS (0.01, 0.05, 0.2, or
0.5mg/kg). As expected, 50% of patients had infuseactions associated with the initial dose of
Rituximab; there was no exacerbation of Rituximakidity after initiation of therapy with 1018
ISS. Nineteen patients were evaluable for clinibeponses. Six patients showed objective
responses (one unconfirmed CR, five PR) for an alveesponse rate of 32%. Additionally, 13
patients had stable disease after therapy. Mediagrgssion-free survival in responding patients
was 12 months (range 5-23.5 months). Four patiertgined alive without progression at a
median of 10 months follow-up (range 3.2-23.4 mehtQuantitative PCR analysis was done, to
evaluate changes in mMRNA expression in a pandtifihducible genes, on PBMCs isolated before
and 24 hours after the second and fourth dose0b8 1SS. There was no evidence of gene
induction in vivo with the 0.01mg/kg dose, but imetthree higher-dose groups a dose-related
increase in the induction of several [Fihducible genes was observed 24 hours after fleetion

of 1018 ISS.
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RENAL CELL CARCINOMA

In a phase |, multicenter, dose-escalation tina, dffect of weekly SC doses of Agatolimod (0.08 to
0.81 mg/kg) was evaluated for 24 weeks or untiéalée progression in patients with advanced renal
cell carcinoma (148). Thirty-one patients were #ady 18 males and 13 females, aged 35-79
years. One patient had a durable PR (8 months, ma stable disease and 17 patients progressed
despite treatment with Agatolimod. Four patientatcwed to receive treatment. Median time to
progression was 112 days. No drug-related seridusrae events were reported, and Agatolimod
was well tolerated up to weekly doses of 0.54 mgRgo-inflammatory or cytokine effects
(erythematous injection-site reactions, chills, fgyes, arthralgias, and fatigue) were dose-related
and reversible. Biologic responses were consistéhtthe mechanism of action of CpG TLR9 and
the most consistent effects observed were incrdasets of plasma IP-10 and 2'-5’ oligoadenylate
synthetase (OAS). This study concluded that Agaidi can be safely administered at doses up to
0.54 mg/kg weekly. In another trial involving patie with progressive metastatic renal cell
carcinoma, patients were vaccinated with autologaosor cells (ATC) derived from the primary
tumor or metastases (149). Vaccines consistedadiated ATC, Agatolimod, and GM-CSF. The
first three induction vaccinations were given wgekillowed by SC administration of IFM-(6
MIU, three times weekly) and Agatolimod 8 mg bi-\kise Tumor evaluation was performed after
3 months. In case of a remission or stable disgagesnts continued with 3-monthly vaccinations
and treatment with SC Agatolimod and IkiN-Blood was collected for immunomonitoring and
delayed-type hypersensitivity responses (DTH) ajalkTC were measured before and after
vaccination. The treatment was well tolerated. Tgdatients were included and treated according
to the protocol. Three patients (25%) achieved adRations 6, 4+, 4+ months) and two patients
(17%) remained stable. Adverse effects experietigesome patients included flu-like symptoms,
fever, fatigue, and erythema, and induration atvéiexination site. A DTH response (>10mm) was

observed after vaccination in all patients, suggesif a specific antitumor response (149).

MELANOMA

The limitations of immunotherapy for melanoma, likther cancers, arise from tumor-induced
mechanisms of immune evasion that render the hadstant of tumor antigens. For example,
melanoma inhibits the maturation of APCs, prevenfinl T-cell activation and down-regulating

the effector antitumor immune response (150). @f tiew immunotherapies targeting critical
28



regulatory elements of the immune system that magramme tolerance, CpG-ODNs have been
used in melanoma treatment protocols, either asotherapy or in combination with other
treatments. An open-label, multicenter, phaseitlicl trial was carried out to assess the clinical
and immunologic effects of TLR9 activation with e SC administration of Agatolimod in
melanoma patients (151,152). Twenty patients frontenters, with histologically confirmed non-
ocular unresectable clinical stage llib/c or IV ar@dma, were enrolled. Patients received treatment
with Agatolimod 6mg weekly by SC injection for 24@ks or until disease progression and clinical
and immunologic activity as well as safety wereleated (151,152). Clinical examination and
laboratory safety assessments including hematolbfpgd chemistry, and baseline coagulation
were performed weekly. Laboratory and clinical adeesvents were limited, transient, and did not
result in any withdrawals. Two patients experienaezbnfirmed partial response and three patients
achieved stable disease. Immunologic measuremevesled a moderate but consistent increase in
the proportions of CD86blood pDCs, and an elevation of the mean fluoreszantensity for
HLA-DR on blood pDCs, both features indicating pCHCtivation. Serum levels of 20,50-
oligoadenylate, a surrogate marker of type | IFNdpiction, which remains elevated in serum for
more than 1 week after induction, indirectly comifing sustained induction of type | IFN
expression. Also, Agatolimod induced a decreas€b6:CD16+ NK cell numbers, presumably
reflecting NK cell recruitment into tissues. Stimatibn of NK cell cytotoxicity (NKC), however,
was less consistent with some patients showingnenease and others showing a decrease in NKC,;
a sustained increase in NKC was associated witlrcali benefit. The authors concluded that TLR9-
targeted therapy can stimulate innate immune resgsonn cancer patients and enabled the
identification of biomarkers that may be associatgti TLR9-induced tumor regression (151,152).
In another randomized phase Il trial, 184 patievite the diagnosis of metastatic melanoma were
enrolled in 48 sites. Patients were randomizedfmio arms: Agatolimod 10 or 40 mg, Agatolimod
40 mg in combination with DTIC (dacarbazine), orIDTalone. DTIC 850 mg/mias administered

IV every 21 days, and Agatolimod was administergduMeekly SC injection into multiple sites.
Treatment was continued until disease progressfompreliminary response assessment in 92
patients showed four PRs in the combination armpaoed with two PRs in the DTIC arm, one PR
in the Agatolimod 10 mg arm and no responses wightdlimod 40 mg. Fifty-seven patients had
disease progression at or before the ninth weekd(itycle). The authors concluded that a
combination of DTIC with Agatolimod may give a Bttesponse than DTIC alone in patients with
metastatic melanoma (153). CpG-ODNs have been atsa in vaccination protocols as an
adjuvant. A pilot trial was designed to study themiunogenicity of the analog peptide NY-ESO-1
157-165V, human leukocyte antigen (HLA)-A2 epitojie combination with Agatolimod and
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Montanide ISA 720 in eight patients with stagelMINY-ESO-1-expressing melanoma. Patients
were immunized with Montanide and Agatolimod (arptHree patients); Montanide and peptide
NY-ESO-1 157-165V (arm 2, two patients); or with Manide, agatolimod, and peptide NY-ESO-
1 157-165V (arm 3, three patients) (154). Data ftbie study showed that the peptide vaccine, in
combination with Agatolimod and Montanide promotkd expansion of NY-ESO-1-specific CD8

T cells in patients with advanced cancer. The diga suggest that the presence of tumor-induced
NY-ESO-1-specific T cells of well defined clonotyis critical for the expansion of tumor-reactive
NY-ESO-1-specific CD8T cells after peptide-based vaccine strategies)(1®a phase | trial
conducted at the Ludwig Institute for Cancer Rededtausanne, Switzerland), eight HLA-A2
melanoma patients received four monthly vaccinatiah low-dose Agatolimod mixed with
melanoma antigen A (Melan-A, identical to MART-Inatéog peptide and incomplete Freund’s
adjuvant. All patients exhibited rapid and stromggen-specific T-cell responses; the frequency of
Melan-A-specific T cells reached over 3% of cirduilg CD8 T cells. This was one order of
magnitude higher than the frequency seen in eightral patients treated similarly but without
Agatolimod and one to three orders of magnitudéndrighan that seen in previous studies with
synthetic vaccines (155). The enhanced T cell @ajmurs consisted primarily of effector memory
cells, which in part secreted IFiNand expressed granzyme B and perforin ex viveitio, T-cell
clones recognized and killed melanoma cells inrgigan-specific manner. The authors concluded
that Agatolimod is an efficient vaccine adjuvarattpromotes strong antigen-specific CD&ell
responses in humans (155). Finally, a phase | studstigated the safety, serum cytokine levels,
cellular immune responses, and clinical activityirifalesional Agatolimod in patients with basal
cell carcinoma (BCC) or cutaneous or subcutanealamoma metastases (156). Five patients with
BCC and five patients with melanoma and cutaneau$ subcutaneous metastases received
treatment with escalating doses of agatolimod @upQ mg) injected intralesionally every 14 days.
Local tumor regressions were observed in patieitts BCC (one complete regression, four partial
regressions) and metastatic melanoma (one conmelgtession). After treatment with Agatolimod,
IL-6 was increased in all patients, IFNP-10 in eight of ten patients, interleukin 12pA&Geven of

ten patients, and TNé&4evels in six of ten patients (156).
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NON-SMALL CELL LUNG CANCER

The combination of a TLR9 agonist and chemothettzgsy been shown to improve survival over
chemotherapy alone in several mouse tumor modetgyesting a possible therapeutic synergy
between these two approaches (124,125,157,158)dtalso shown that the immunomodulatory
oligonucleotide had potent antitumor effects as otloerapy and in combination with conventional
chemotherapeutic agents, and may act directly o@l\CScells via TLR9 (159). A randomized
phase Il study was carried out to assess the amdrtactivity and safety of the combination of
Agatolimod with taxane plus platinum chemotherapychemotherapy-naive patients with stage
[1IB to IV NSCLC (160). In this trial, 112 patientsith stage IllIb/[V NSCLC were enrolled, and
they received four to six 3-week cycles of chemi@thg alone or in combination with Agatolimod
0.2 mg/kg, administered SC. The response rate wegrofrom 19% in patients receiving
chemotherapy alone to 37% in patients receivingndiberapy plus Agatolimod. The median
survival was 6.8 versus 12.8 months, and the 1-gaatval 33% versus 50% in patients receiving
chemotherapy alone versus chemotherapy plus Agaidli The authors concluded that a TLR9-
activating ODN may enhance the clinical activity adffemotherapy in the treatment of NSCLC.
Pfizer has also disclosed its intention to invegggAgatolimod for use in breast cancer patients,
and to initiate three randomized phase Il clingtaldies of Agatolimod in advanced NSCLC. Each
study will combine Agatolimod with either Bevacizam(Avastin) (160), Erlotinib (Tarceva) (161)
or Pemetrexed (Alimta) (162). Coley Pharmaceuticgellesley, MA, USA) initiated two
randomized, international, multicenter, phaserldls to assess the efficacy and safetyAgfatolimod
administered in combination with Paclitaxel/Carlatipl or Gemcitabine/Cisplatin chemotherapy as-firgt
treatment in patients with locally advanced or rstetiic Non-Small-Cell Lung Cancer (NSCL()64,165).
Over 800 patients were enrolled in these trialesEhtrials were stopped in 2007, after analysis of
the phase Il clinical trial results showed no @nde of any additional efficacy over standard
chemotherapy alone.
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Approach Disease CpG ODN Clinical trial phase References
Monotherapy Renal cell Agatolimod (CpG 7909, PF 3512676) | 131
carcinoma
Vaccine Renal cell Agatolimod +irradiated autologous tumor | 132
carcinoma cells+ GM-CSF
Monotherapy Melanoma Agatolimod Il 136,137
Combination therapy Melanoma Agatolimod + dacarbazine (DTIC) Il 138
Combination therapy with vaccine Melanoma Agatolimod + montanide ISA 720+ analog | 139
peptide NY-ESO-1
Combination therapy with vaccine Melanoma Agatolimod+melanoma antigen A | 140
(Melan-A, identical to MART-1) analog
peptide and incomplete Freund’s adjuvant
Combination therapy with vaccine Melanoma Agatolimod + MAGEA3 | 141
Monotherapy NHL Agatolimod | 81,124
Combination therapy NHL ODN 1018+ rituximab | 129
Combination therapy NHL Agatolimod + rituximab | 127,128
Combination therapy NSCLC IMO 2055 + bevacizumab (Avastin®) + 1l 142
erlotinib (Tarceva®) or pemetrexed (Alimta®)
Combination therapy NSCLC Agatolimod + taxane + platinum 1l 143
chemotherapy
Combination therapy NSCLC Agatolimod + paclitaxel + carboplatin or 1] 144,145

gemcitabine +cisplatin

GM-CSF =granulocyte-macrophage colony-stimulating factor; NHL =non-Hodgkin’s lymphoma; NSCLC = non-small cell lung cancer.

Table 2. A summary of some clinical trials using CpG oligoggnucleotides (ODNSs) for the treatment of patiesith

cancer.
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2. OVARIAN CANCER

Ovarian cancer causes more deaths in the UnitédsStaan any other type of female reproductive
tract cancer, with an estimated 22,430 new caseg<sl 8280 deaths in 2007 (166). Approximately
70% of ovarian cancers are diagnosed at advanagd and only 30% of women with such cancers
can expect to survive 5 years. Analysis of tremdgvierall five-year survival rates for women with
ovarian cancer indicates some recent improvemanthfuse diagnosed between 1996 and 2002,
compared to the 1970’s and 1980’s (166). Nonetbeldgese gains are rather modest and there
clearly remains a need to better understand thecaular pathogenesis of ovarian cancer so new
drug targets and biomarkers that facilitate eadiedtion can be identified. Approximately 90% of
primary malignant ovarian tumors are epitheliar¢g@mas), and are thought by most investigators
to arise from the ovarian surface epithelium (O8Ejnore likely from surface epithelial inclusion
cysts (167,168). Some investigators have suggéségdnay develop from the secondary Millerian
system, which includes paraovarian and paratubstscythe rete ovarii, endosalpingiosis, and
endometriosis (169). The classification of ovamigithelial tumors currently used by pathologists is
based entirely on tumor cell morphology. The fouajon types of epithelial tumors (serous,
endometrioid, clear cell, and mucinous) bear stn@sgmblance to the normal cells lining different
organs in the female genital tract. For exampleguse endometrioid, and mucinous tumor cells
exhibit morphological features similar to non-nexgpic epithelial cells in the fallopian tube,
endometrium, and endocervix, respectively. Remtasee examples of serous, endometrioid,

clear cell, and mucinous ovarian carcinomas arevsho Figure 10.
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Figure 7. Pictures of the four most common histologic typéswarian cancer, stained with hematoxylin and reo&j
Ovarian serous carcinoma showing papillae formati®nOvarian serous carcinoma with predominantdsgliowth
pattern. C, Ovarian endometrioid tumaf low malignant potential showing glands simitarthe complex hyperplas
of the uterine endometrium. D, Higilower view of ovarian endometrioid carcinoma tisamiorphologically similar ti
endometrial carcinoma of the uterus. E, Ovariaarabarcinma showing cellular clearing and cystic growth gaitt F,
High-power view of ovarian clear cell carcinoma with halh growth pattern. G, Ovarian mucinous tumor @
malignant potential. H, Welllifferentiated ovarian mucinous carcino

The histological similarity of ovarian epithelial tunto epithelia in other portions of the fem
genital tract is not surprising, given that all thiese epithelia, as well as the cells lining
peritoneal cavity, are thought to be derived fromoenmor embryological precisor, the coelomic
mesothelium (170 Of note, provocative recent studies suggestdiséal fallopian tube ma
actually be the site of origin of at least somebgercarcinomas previously thought to arise in
ovary or pelvic peritoeum (171,17). Once grouped by cell type, tumors can be fursiadividec
into those that are clearly benign (cystadenontaske that are frankly malignant (carcinom.
and those that have features intermediate betvsme two (variably called “atycal proliferative”

tumors, tumors of “low malignant potential” or tursoof “borderline” malignancy). The prese
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clinical management of ovarian carcinoma patiergsnot significantly influenced by the
histological subtype of the tumor, although accuating clinical pathological and molecular data
suggest the major subtypes likely represent distilrsease. In addition to type of differentiation,
ovarian carcinomas can be sub-classified based emred of differentiation (tumor grade).
Historically, the most commonly used grading systelmave been those proposed by the
International Federation of Gynecology and Obsist(FIGO), the World Health Organization
(WHO), and the Gynecologic Oncology Group (GOG)3[1The FIGO system uses 3 grades based
on architectural criteria, i.e., the proportiongbfndular or papillary structures relative to areés
solid tumor growth. Grades 1, 2, and 3 correspanci%, 5-50%, and >50% solid growth,
respectively. The WHO system incorporates bothitectural and cytological features, but these
are not assigned based on quantitative criteriaagnal consequence, this system can be considered
rather subjective. In the GOG system, the gradiethod varies depending on the histological type
of the tumor. For example, endometrioid adenocamias are graded using FIGO criteria, while
clear cell carcinomas are not assigned a gradd. dflare recently, a 3 grade system has been
proposed that can be applied to all ovarian camas(174), and two binary grading systems have
been proposed for ovarian serous carcinomas, thst coonmon type (175,176). Review of both
clinicopathological and molecular studies to dads led to a model in which ovarian carcinomas
can be generally divided into two broad categodesignated Type | and Type Il tumors, akin to
the division of endometrial carcinomas into two andypes as recently reviewed by Di Cristofano
and Ellenson (177). Tumor grade is an importatgigihot sole factor, distinguishing Type | from

Type Il tumors.

PHARMACEUTICAL MANAGEMENT OF OVARIAN CANCER

HISTORY OF THE ADMINISTRATION OF ANTINEOPLASTIC AGE NTS IN THE
MANAGEMENT OF OVARIAN CANCER

For more than 50 years, epithelial ovarian can@s been recognized to be one of the most
biologically sensitive solid tumours to cytotoxicemmotherapeutic agents (178). During the earliest
days of the modern chemotherapeutic era, the niglghtified alkylating agents were examined as
therapeutic strategies in this malignancy (178,12¥hough the definitions of clinical activity

were not as clearly delineated during this timequkas they are today, it was evident that padirati
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of distressing symptoms (e.g. abdominal pain regulirom malignant ascites accumulation) was
achieved in a substantial percentage of individtralsted with several drugs (melphalan, thiotepa,
cyclophosphamide) in this therapeutic class (180)ortunately, most of these responses were
relatively short lived. Moreover, long-term followp revealed that a subset of ovarian cancer
patients who received alkylating agents for extengeriods of time as a result of impressive
control of the malignant process, ultimately disdaadirect result of developing treatment-induced
secondary acute myelogenous leukaemia (181,182).stprisingly, this profoundly disturbing
experience has appropriately tempered enthusiasanfoform of ‘maintenance therapy’ in ovarian
cancer. Additional cytotoxic agents developed duthis era, including doxorubicin, methotrexate,
altretamine and fluorouracil (5-FU), were subsedyeshown to possess at least a modest degree of
biological activity in ovarian cancer (180,183). Asesult, single-agent treatment of ovarian cancer
(e.g. oral melphalan) was largely replaced with bmration chemotherapy regimens, such as Hexa-
CAF (altretamine, cyclophosphamide, doxorubicin aBeéFU) and AC (doxorubicin and
cyclophosphamide) (183-185). Limited phase Il ltdkata confirmed that combination therapy
could improve objective response rates comparet wiitgle alkylating agents, but the overall

impact on survival was more modest.

THE CISPLATIN ERA

In the 1970s, cisplatin, one of the most toxic ptegeutical agents ever delivered to any patient
(neurotoxicity, emesis, nephrotoxicity, ototoxigitywas introduced into the clinic (186-189).
However, this drug, with its impressive list of tkessing adverse effects, was reluctantly accepted
(by patients and oncologists) because of the reazedrremarkable level of both biological and
clinically relevant activity of the agent in mulkgptumour types, including ovarian cancer (190-
192). Cisplatin was initially revealed to produdgeztive responses in women with ovarian cancer,
whose disease was shown to be resistant to alkglatjent therapy (191,192). Of note, during this
era, the definition of ‘resistance’ varied, andegdgglly included all patients whose cancers reamirr

or progressed following initial therapy. Followitigis experience, cisplatin was quickly moved to
the front-line setting (193-196) and the agent sghently became established as the cornerstone of
the chemotherapeutic management of ovarian caBogh. individual phase Il randomized trials
and several meta-analyses involving the resultsoltiple studies, have revealed the platinum

agents to be the single most active class of ampiastic drugs in this malignancy (193-197).
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CISPLATIN-BASED COMBINATION CHEMOTHERAPY

For a period of time there existed considerabldroerrsy regarding the ‘optimal’ Cisplatin-based,
multi-agent regimen, with individual phase Il fridata supporting the two-drug combination of
Cyclophosphamide plus Cisplatin, (198-200) but wgbveral meta-analyses suggesting the
superiority of a three-drug regimen of Cyclophosplige, Doxorubicin and Cisplatin (201-203).
Ultimately, most investigators became convinced #my possible small benefit resulting from the
addition of an anthracycline to the two-drug Cisiplaplus Cyclophosphamide regimen was

outweighed by the well recognized additional tayiessociated with such a strategy (204).

CARBOPLATIN-BASED CHEMOTHERAPY

Initially proposed as a more active platinum dr@grboplatin has been shown in multiple phase llI
randomized ovarian cancer trials to be equivalentefficacy to Cisplatin, but to possess a
substantially superior adverse effect profile, ipaftarly a lower risk of severe emesis,
nephrotoxicity and neurotoxicity (205-209). A spgiecihighly appealing feature of Carboplatin
compared with Cisplatin, is the ability to easilglider the drug in the outpatient setting, without
the requirement for extensive hydration to prevbatnephrotoxic effects of the parent drug. Also,
in general, the well recognized dose-limiting hatwayical toxicity of Carboplatin produces less
severe clinically relevant consequences to patiamtsis easier to manage (e.g. dose reduction, use
of bone marrow colony-stimulating factors) than tire adverse effects associated with Cisplatin.
Furthermore, compared with Cisplatin, it has proeasier to combine other active antineoplastic
agents in ovarian cancer with Carboplatin (e.gliael) (207-210). However, it is important to
again note that the almost universal choice of Qaldiin for intravenous administration in the
management of ovarian cancer, rather than Cisplatinased on a more favourable toxicity profile

and ease of delivery, and not on any evidence pérsor efficacy (207-210).
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PLATINUM PLUS TAXANE- BASED PRIMARY CHEMOTHERAPY

In the late 1980s, &litaxel was demonstrated to be an acagent in platinur-resistant ovarian
cancer (211-213 In this era, the definition of ‘primary chemothpy resistance’ in ovarian canc
had become reasonably well standardized to incthdee patients whose cancers had faile
respond to initial treatemt (disease progression or ‘stable disease’ dsrésgsonse) or where
objective response had occurred, but the disealssegquently progressed within 6 months
discontinuation of platinunbased theraj (212. Of interest, similar to the initi experience with
Cisplatin in ovarian canc€i88,1¢9), the early experience withalitaxel suggested the drug w
quite toxic (214,21F and its continued use was justified principddlythe level of biological an
clinical activity observed (21243). Also, similar to tk drug development process foisplatin,
where evidence of activity in the secr-line setting (alkylatingesistant) led to incorporation of t
agent into primary chemotherapy tria211-213), Pacliéxel was quickly combined withisplatin
in the frontline setting and directly cc- pared with the ‘standard of care’ at this pointime,
which was a platinum agent plusyclophosphamide (197,216,217Although several trials
subsequentlyconfirmed the superiority of a Cisplatin pluaclitaxel combination in improvin
survival compared ith the previous ‘standard’ of Cisplatin aniyclophosphamide216,217), this
outcome was not observed in all phase Il evalnatidd7,218). More recent eviden-based data
have documented the equieateof a Cisplatin plus Caclitaxel versus a Carboplaturs Faclitaxel

regimen employed as primary treatment of advangadan cancerTable 3) (207-210).

Table 3 Evidence-based platinum-taxane regimens employed as
primary chemotherapy of advanced ovarian cancer

Cisplatin (75 mg/m2) + paclitaxel (135 mg/m2 over 24 h) g21d x
six cycles[3440]

Carboplatin (AUC 6-7.5) + paclitaxel (175 mg/m2 over 3 h) g21d
x six cyclesl®1-34

Carboplatin (AUC 6) + docetaxel (75 mg/m2) g21d x six cycles[44
AUC = area under concentration-time curve; q21d = every 21 days.

Again, the Carboplatilbased combination is generally preferred by mosblmgists because of tl
ease of administration (simple outpatient reginarg overall superior toxicity profile (less eme:
nephrotoxicity, neurotoxicity)207-210,217,219), but the suval of patients treated with Paclita
plus either Carboplatin origplatin isequivalent. A large phase lll trial has alscectly compared
the delivery of Carboplatin plus Paclitaxel ver§ierboplatin plus ocetaxel as primary treatm
of advanced ovarian canc€22(). Again, the two @rboplatin regimens produced equival
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sunival outcomes, but the regimens were associatell gilite dfferent toxicity profiles. The
Paclitaxeleontaining programme was associated with a moddsidyer risk of peripher:
neuropathy, Wile patients treated with theocetaxel plus @rboplatin regmen experienced a
moderately greater incidence of potentially cliicaelevant neutropenia. There was no differe

in therapy-redted mortality between the twcarboplatin-based approaches.

ADDITIONAL STRATEGIES EXPLORED TO IMPROVE PRIMARY C HEMOTHERA PY
OF ADVANCED OVARIAN CANCER: INTRAPERITONEAL CHEMOTH ERAPY

The concept of intraperitoneal (IP) delivery of otatherapy for the treatment of ovarian cancer
been around for 30 years @2 Key aspects of the biologbehaviourof ovarian cancer len
themselves particularly well to the pharmacologgmigs usd to treat this diseayTable 4).

Table 4
Biological Consideration in Ovarian Cancer Pharmacological Consideration of IP Therapy

Maijority of women present with metastases to intra-abdominal Delivery of chemotherapy directly into abdominal cavity with a high degree
lymph nodes and peritoneal surfaces of safety

Susceptible to cytoreductive surgery, leaving small volume Small tumor volumes allow delivery of high concentrations of drug to tumor
residual disease behind surface and penetration to a depth of 0.5-1.0 mm

The region at risk (the peritoneum) represents a large surface Promotes absorption of drug to systemic circulation and delivery of drug via
area of highly vascularized tissue tumor vasculature

Responsive to platinum and taxane therapy IP:IV pharmacological advantage of 20 for platinums and 1,000 for taxanes

Abbreviations: IP, intraperitoneal; IV, intravenous.

Initially, small phase | and Il clinical trials ctirmed the feasibility of this approach and obselr
that higher concentrations of drug could be acldein the peritoneal space with IP than with

therapy (222,223 In addition, they noted absorption across thatgeeum was sufficient t
achieve clinically active systemic concentrationghe dru¢ (223. Lastly, they observed clinic
benefit in termof reduction of tumor bulk and asci (223. This led to a period of approximate
10 years during which various drugs were admingstentraperitoneally in women with recurre
small volume disease in a series of phase Il trialgese trials were imytant in defining the
efficacy as well as toxicity of IP therapy in thstting. However, controversy remained over v
role, if any, IP therapy had as part of -line treatment of epithelial ovarian cancer. Tf
randomized trials performed by the cooperative groups during the past 10 years prothé

most extensive data on the use of IP chemotheratheifirs-line setting.
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DATA FROM CLINICAL TRIALS

In the Southwest Oncology Group (SWOG) 8501/ Gylmgpo Oncology Group (GOG) 104 trial,
Alberts et al compared IP Cisplatin and intraven@u$ Cyclophosphamide to IV Cisplatin and IV
Cyclophosphamide in women with stage Il epithetigbrian cancer after exploratory laparotomy
and removal of all tumor masses larger than 2 cB4)2Six hundred fifty-four patients were
randomly assigned and 546 were eligible for thel\std'he patients received six cycles of IV
Cyclophosphamide 600 mgfrplus either IP Cisplatin 100 mgfror IV Cisplatin 100 mg/fat 3-
week intervals. At the completion of therapy, patisewith a complete clinical response underwent
a second-look laparotomy to determine pathologispsase. During accrual, and without
knowledge of the therapeutic results, the sampe sias increased in order to stratify response
according to size of residual tumor after surgdryis was done because of the hypothesis that
patients with the smallest residual tumor<-8.5 cm in greatest dimension — would be the group
most likely to benefit from IP chemotherapy. Infbtiie IP and IV groups, 58% of patients received
all six cycles of cisplatin chemotherapy. Two hwetininety-seven patients underwent second-look
laparotomy. The rate of complete pathologic respamas 47% in the IP group and 36% in the IV
group. Statistical comparison was not performed tlughe small percentage of patients that
underwent second-look laparotomy. All eligible pats were included in survival analysis, regard-
less of whether they completed their assignedrreat or not. The median survival was 41 months
in the 1V group and 49 months in the IP group. Tbeard ratio for risk of death in the IP group, as
compared with the IV group, was 0.76 (95% CI, @®D.96; P = .02). The effect of the treatment,
IV or IP, was not influenced by the extent of residdisease. Two treatment related deaths
occurred in the IP group and none occurred in Yhgrbup. Granulocytopenia and leukopenia
grade 3 was significantly higher in the IP groupwass abdominal paie grade 2 and transient
dyspnea. Tinnitus, hearing loss, and grade 2 @u8amuscular toxic effects at the end of treatment
were significantly higher in the IV group. This diuwas published in 1996. At this time it was also
shown that IV Paclitaxel and Cisplatin was supetiorlV Cyclophosphamide and Cisplatin.
Therefore, interest was turned to combining IV Raxél and IP Cisplatin. In the GOG 114/SWOG
9227 trial, Markman et al (225) compared a cordrai of IV Paclitaxel and Cisplatin for six cycles
with an experimental arm of two doses of high-dGseboplatin followed by IV Paclitaxel and IP
Cisplatin for six cycles in patients with optimatigbulked (largest residual tumor nodglé cm in
maximum diameter) stage Il epithelial ovarian a@mdnitially, a third arm consisting of IV
Cyclophosphamide and Cisplatin was included, bigt Was discontinued due to evidence of the
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superiority of IV Paclitaxel over Cyclophosphamidéve hundred twenty-three patients were
enrolled and 462 were eligible. Six point eightgeert of patients randomly assigned to the IP arm
received no IP therapy and 18.3% received twowefecycles. Two patients from each group died
from chemotherapy-related causes. Grade 4 neutipgnade 3 to 4 thrombocytopenia, grade 3 to
4 gastrointestinal and metabolic toxicity werehadjher in the IP arm. Progression-free survival was
longer in the IP arm, with median time to tumorueence of 27.9 months compared with 22.2
months in the IV arm. The relative risk estimateha IP arm compared with the IV arm was 0.78
(90% CI, 0.66 to 0.94). Overall survival was alsader in the IP arm, 63.2 months versus 52.2
months (P = .05). The estimated relative risk featti of a patient treated on the IP arm compared
with the IV arm was 0.81 (90% CI, 0.65 to 1.00)eTiesults of this trial coupled with promising
results of a phase Il trial exploring the combinesg of IP Cisplatin and IP/IV Paclitaxel (226) led
to the GOG 172 trial, which compared the standam @ IV Paclitaxel over 24 hours followed by
IV Cisplatin on day 2 to IV Paclitaxel over 24 hsupllowing by IP Cisplatin on day 2 and IP
Paclitaxel on day 8 in women with stage Il ovarc@arcinoma with largest residual mass less than
or equal to 1.0 cm (227). Four hundred twenty-mpagents were randomly assigned and 415 were
eligible. Ninety percent of patients in the IV gpteceived six cycles of chemotherapy and 83%
received six cycles of the assigned treatment. ti4tiivee percent of patients in the IP group
received six cycles o chemotherapy and 42% recesivedycles of the assigned IP treatment. The
primary reason for discontinuing IP therapy washetdr-related complications. There were
significantly more patients in the IP group witlveee (grade 3 or 4) fatigue, pain, and hematologic,
gastrointestinal, metabolic, and neurologic toyicithe median progression-free survival was 23.8
months in the IP group versus 18.3 months in thgrdp (P = .05). The median overall survival
was 65.6 months in the IP group versus 49.7 moimththe IV group (P = .03). Second-look
laparotomy was optional. Com- plete pathologic oese was noted in 57% of the IP group (46 of
81 patients) and 41% of the IV group (35 of 85¢rak). Although fewer than one half of patients
in the IP group received six cycles of IP therapy, group had superior survival to the IV group.
The results of GOG 172, combined with the conststesults in the two previous trials, led the
National Cancer Institute to issue a clinical ammament in January 2006, recommending that
women with stage Il ovarian cancer that undergiinaogd surgical cyto-reduction be considered for
IP chemotherapy (228). The clinical announcementtimes that a significant improvement in
overall survival is associated with IP chemotherapth an increase in toxicity, although this is
short-term and manageable. The data confirm biolagid pharmacologic hypotheses. The
peritoneal route of spread for ovarian cancer caliphith the pharmacologic advantage for

platinums and taxanes administered via the IP reu¢gest that IP administration should result in
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superior therapeutic outcomes compared with exalsilV administered drugs. The data

consistent across studies. In all three trials,Itharm outperformed the IV only arm in terms
progressiorfree and overall survival. IP therapy resulted i8086 reduction in risk of recurren
and a 20% to 25% reduction in tlisk of death Table 5).

Table 5
Treatment PES (IP/IV v IV) OS (IP/IV v IV)
Sample Median Median
Author Trial Size \" IP (months) P HR (months) P HR
Alberts et al* SWOG 8501/GOG 104 267 Cyclophosphamide 600 mg/m?  Cisplatin 100 mg/m? NS NS NS 49
IV g 21 days X 6 cycles IP g 21 days X 6
cycles .02 .76
279 Cyclophosphamide 600 mg/m?  None NS NS NS 4
IV + cisplatin 100 mg/m? IV
g 21 days X 6 cycles
Markman et al® GOG 114/SWOG 9227 235 Carboplatin AUC 9 IV X 2 Cisplatin 100 mg/m? 27.9 63.2
cycles prior to any IP IP day 2 q 21
treatment; paclitaxel 135 days X 6 cycles
mg/m? IV over 24 hours day
1 g 21 days X 6 cycles .01 .78 .05 .81
227 Paclitaxel 135 mg/m? IV over None 22.2 52.2
24 hours day 1; cisplatin 75
mg/m? IV day 2 q 21 days X
6 cycles
Armstrong et al”  GOG 172 205 Paclitaxel 135 mg/m? IV over Cisplatin 100 mg/m? 23.8 65.6
24 hours day 1 IP day 2 q 21 days
X 6 cycles;
paclitaxel 60 mg/m?
IP day 8 .05 .80 .03 .75
210 Paclitaxel 135 mg/m? IV over None 18.3 49.7

24 hours day 1; cisplatin 75
mg/m? IV day 2

Abbreviations: IP, intraperitoneal; IV, intravenous; PFS, progression-free survival; OS, overall survival; HR, hazard ratio; SWOG, Southwest Oncology Group; GOG,
3ynecologic Oncology Group; NS, not stated; g, every; AUC, area under the curve.

These results are clinically meaningful. The magfet of improvement in median survi\
obseved in these three trials ran from 8 to 16 monthsThese differences are both statistic:
and clinically meaningful. These results are sufgubin a larger context. A recently publist
metaanalysis that included 38,440 women who particighate 198 trials over a -year period
reported a 22% reduction death hazard ratio for women who receivedhi#tdpy in the subset
12 trials comparing an IP versus -IP regimen (228 The trials were not pure tests of IP there
No trial evaluated chemotherapy administered excdlys by the IP route. Rath, each trial
compared a combined IP/IV regimen with an IV regimAalthough the control arms represen
the standard of care at the time each trial wagyded, the standard of care in clinical prac
changed during the course of each of these st This led to scepticisrhy some that the trial
results were not relevant to clinical practice atheérefore, should not lead to a change inent
management. The use of the Cisplatin placlitaxel combination insésl of Carboplatin plu
Paclitaxel inGOG 172 could have inflated the benefit of the WParm. Although a prior GO(
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study (GOG 158) demonstrated no statistically $iggnt difference between these regimens, there
was a trend for improved progression-free and diveuavival for the Carboplatin plus Paclitaxel
arm (207,230). Therefore, the superiority of IPthérapy has not been firmly established and the
Carboplatin IV plus Paclitaxel IV combination remsia viable option in 2007 for women with
optimally debulked epithelial ovarian cancer (23R IP therapy could not be administered as
planned due to intolerance and toxicities. In thisee trials, only 42% to 71% of women could
receive all six cycles of IP/IV therapy as plann€de most common reasons for discontinuation of
IP treatment were catheter-related complicatioa#,fatigue, myelosuppression, gastrointestinal
or metabolic toxicities. Substantial concerns abupulity of life, technical difficulties associated
with IP administration, and lack of reimbursementt the additional treatment time involved in
delivering IP therapy continue to limit the adoptiof this as standard of care. These are considered
to be substantial contributing causes to the ldakare widespread adoption of IP therapy in the

community.

IMMUNOTHERAPY OF OVARIAN CANCER

Although the cancer cell remains the main targeirmologic therapy, it is becoming progressively
clear that the tumor microenvironment providesi@lt support to tumor growth and therefore
opportunities for therapy. Inhibition of tumor aogenesis is an obvious example of effective
biological therapy that has produced clinical ressuimportantly, complex mechanisms regulating
immune response and inflammation interface withi@gyenesis at the tumor microenvironment,
and their balance can greatly affect the fate ofdxs. The overall balance of tumor inflammatory
mechanisms is polarized to promote angiogenesmprtiwcell survival and immune escape, all
contributing to tumor growth. However, it is becogiclear that many patients with gynecologic
malignancies mount a spontaneous antitumor immeseonse. Although ineffective to reject
tumor, this can be potentially harnessed therapalliti The use of immunomodulatory therapy is
predicated on the notion that gynaecologic canasgspotentially immunogenic tumors, i.e., they
can be recognized and attacked by cell-based immneohanisms. Cervical and lower genital tract
cancers induced by human papillomavirus (HPV) &ee prototype of potentially immunogenic
tumors that can elicit a spontaneous immune regpatiBV xenoantigens expressed by tumor cells
are readily recognized by the immune system. Cellliated immune responses are important in
controlling HPV infections as well as HPV-assodiateoplasms (232). The prevalence of HPV-
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related diseases is increased in patients withinegh&ell-mediated immunity, including transplant
recipients (233) and HIV-infected patients (234 )236filtrating CD4" (T helper cells) and CD8
(cytotoxic) T cells have been observed in spontagigoregressing warts (236), and warts often
disappear in patients who are on immunosuppresisarapy when treatment is discontinued (237).
In addition, animals immunized with viral proteimse protected from HPV infection or the
development of neoplasia and experience regresdiaxisting lesions (238,239). Nevertheless,
patients with invasive cervical cancer exhibit exdtad and tolerized T cells that recognize antigen
in vitro but are unable to reject tumors in vival(241). The emergence of immunomodulatory
therapies revives opportunities to activate andjonate such T-cell immunity and warrants clinical
testing. Although tumor-associated antigens havée unadergone rigorous scrutiny in other
gynaecologic malignancies (242), similar mechanisimspontaneous antitumor immune response
have been convincingly demonstrated. Tumor-readiicells and antibodies have been detected in
peripheral blood of patients with advanced stagariam cancer at diagnosis (243,244), while
oligoclonal tumor reactive T cells have been isaldrom tumors or ascites (245-253). Importantly,
the detection of intratumoral or intraepithelialmtor infiltrating lymphocytes (TIL), i.e., T cells
infiltrating tumor islets predicts significantly pnoved progression survival and overall survival in
ovarian cancer. It has been reported in an Itakahort that patients whose tumors had
intraepithelial T cells experienced 3.8-fold longeedian progression-free survival and 2.8-fold
longer overall survival as compared to patients sehdumors lacked intraepithelial T cells,
remarkably, survival rate at 5 years was 38% ineptg whose tumors had intraepithelial T cells (n
= 102) and 4.5% in patients lacking them (n = 7)e impact of intraepithelial T cells was
confirmed by multiple independent studies on ethlhycdiverse populations (254-260). Similar
observations were made in endometrial cancer (B3)-Zand other solid tumors (264).
Retrospective studies showing that the incidencenariy non-virally induced solid tumor types is
in fact 4- to 30-fold increased in immunosuppressethsplant recipients (265-269) provide

evidence that immune recognition is probably a ersal mechanism in tumors.
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CHEMOTHERAPY AS AN IMMUNE MODULATOR

Although it has been traditionally thought that mim¢herapy antagonizes immune mechanisms
altogether, recent evidence has challenged this.Viledeed, agents such as Cyclophosphamide,
Doxorubicin and Paclitaxel increase the number famdtion of antigen-specific T cells and thus
may enhance cancer immunity (270). It is becomingggessively clear that conventional
chemotherapy has important “off-target” immunologéfects and, in fact, may depend on
activation of immune mechanisms to achieve its &flicacy. In mouse models of solid tumors,
increased tumor inflammation following administaatiof chemotherapy predicts better prognosis
(271), while tumors grown in immunodeficient mi@el o respond to chemotherapy (272), clearly
highlighting a role for the immune system in canclelarance in the context of cytotoxic therapy.
Similar events may occur in humans; tumor-infiitrgtlymphocytes predicted complete pathologic
response in breast cancer patients after neoadjohi@motherapy (273). Furthermore, neoadjuvant
taxol therapy was found to increase TIL (274). lestingly, breast cancer patients bearing a loss-of
function Asp299Gly polymorphism of the Toll-likeagptor (TLR) 4 receptor exhibit a higher risk
of relapse after treatment with chemotherapy addhti@n therapy (275). The immunomodulatory
effects of chemotherapy can be broadly grouped hreet mechanisms: (a) induction of
immunogenic cancer cell death, which facilitatesidu antigen presentation (in situ vaccination);
(b) direct activation of antigen presenting or efée mechanisms; and (c) suppression of immune
inhibitory cells, thereby releasing regulatory l®a@n antitumor immune respondegure 11).
These mechanisms are quite complex and our unddmstpare still in its infancy, but effects

appear to be dependent on drug type, dose andidehad well as the immune cell type.
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Figure 8. Immunomodulation by chemotherapy (schematic reptasien)

NON-SPECIFIC IMMUNE ACTIVATION

Multifaceted, pleiotropic immune activation can dehieved with cytokines and T-like receptor

agonist therapy and is suitable for combinatiorhwitmunomodulatory chemotheray

INTERFERONS

Interferons were first described as antiviral cytels, but have since been shown to be secret
response to a vast number of stimulatory factdmsrathan viruses. They are divided into two br
categories: type | and type Il interferons. Typaterferons are subdivided into two main clas

known as alpha and beta. Interestingly, 12 form#~di-a have been identified, while only o
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form of IFN3 has been isolated. Signalling through their cpoasing receptors on target cells is
mediated by a series of Jak/STAT proteins and t®sulseveral antiviral activities. Additionally,
they have potent effects on cell proliferation. Mdeunodels have demonstrated that gene therapy
with IFN-B can greatly enhance tumor cell death in the cordéseveral different malignancies
(276). Many clinical trials have demonstrated thfacacy of type | interferon therapy in the
treatment of hematologic malignancies (277-279)lamema (279-284) and renal cell carcinoma
(285-287). Phase I/l clinical studies have examiitiee therapeutic value of type | IFNs in ovarian
cancer. Intraperitoneal recombinant IENalone or combined with Cisplatin as salvage thefap
persistent ovarian cancer after primary chemothehgs shown clinical efficacy in small volume
disease (288,289), but there was no significanécefin a cohort of patients with recurrent,
platinum-resistant disease (290). Although encadopgthese results did not support additional
clinical development of type | interferon in ovari@ancer. One of the limitations of interferon
therapy relates to the high intratumoral cytokiegels required to induce antitumor responses,
which cannot be achieved without eliciting systemaicicity and cannot be sustained owing to the
short half-life of recombinant proteins. Cytokineng therapy using recombinant viral vectors can
achieve much higher and sustained cytokine levelthe tumor site than those resulting from
systemic or regional administration of recombineytbkine proteins without engendering systemic
toxicity (291). A trial of intrapleural adenovirakelivering human IFN3 was recently completed at
the University of Pennsylvania. Toxicity was minim®ne patient with recurrent, platinum-
resistant low-grade ovarian carcinoma achieved ¢et@mbjective and cytologic response of both
pleural and intraperitoneal disease following a&nntrapleural injection of adenovirus vector in
this trial (292). Disease stability or objectivespenses were also observed in patients with
malignant pleural mesothelioma enrolled in the gt{&93). These data present promising evidence
that IFN{J can serve as a potent anticancer agent, andatsnusombination with other forms of
chemo and immunotherapy certainly warrants furttogrsideration. Structurally unrelated to type |
interferons, IFNy is secreted by activated effector T cells and N#lscin response to target
recognition. IFNy has been shown to have direct anti proliferatistévly on ovarian cancer cells
in vitro, which proved to be synergistic with Ciaph and doxorubicin (294-296). In vitro and in
vivo, IFN-y upregulates HLA class | and class Il molecules antigen presentation in ovarian
tumor cells (297), a requisite for recognition byc@lls. In fact, HLA class | expression by the
tumor correlates with the intensity of T cell imfdtion (298), a predictor of longer survival.
Furthermore, IFN¢ has antiangiogenic effects (299). Encouragingltefiave been reported with

recombinant human (rh)IFM-either as intraperitoneal monotherapy or in commatams in early
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phase trials (303-305). Theoretically, the effemts likely to be greatest in women who are also
receiving chemotherapy because of [I¥#8l- non-specific immunomodulatory effects (145).
Confirming expectations, a three-fold prolongatadmprogression-free survival was observed in a
phase Il multi-center study from Europe with sulateous administration of rhIFN-combined
with MTD Cisplatin and Cyclophosphamide chemothgragth minimal added toxicity. However,

in a subsequent randomized phase-lIll trial condluictehe United States, addition of subcutaneous
rhIFN-y to Carboplatin and Paclitaxel did not improve sual/(304). Although one cannot exclude
that racial and other demographic differences magpant for opposite results, these data may
indicate that the choice of chemotherapy drug® if&act critical in combinatorial approaches with
immune therapy. Indeed, whereas Cyclophosphamidepb&ent immunomodulatory effects on
many cell subsets including suppressing T regwa(dr.y cells, high dose steroids, which are
necessarily given with Paclitaxel to prevent acuteypersensitivity reactions, are

immunosuppressive and induce Treg in the settirmptfen presentation.

INTERLEUKINS

Interleukin-2 (IL-2) promotes expansion and enhanite cytotoxicity of effector immune cells
(305). In addition, IL-2 can restore T-cell funetidollowing suppression by negative regulatory
receptors such as PD-1. IL-2 represents the madlyinvestigated cytokine for use in cancer
therapy, having shown clinical efficacy in malighamelanoma and renal cell carcinoma (306,307),
for which it is now FDA approved. Additionally, tas been used to enhance the efficacy of
immunotherapy including vaccines and adoptive T4t&rapy (308). However, its use has several
limitations. In monotherapy and in the context dbptive immunotherapy, IL-2 is used at MTD,
which induces a systemic inflammatory responseh wignificant morbidity including multiple
organ toxicities, most significantly the heart, ¢gsn kidneys, and central nervous system. Other
manifestation of IL-2 toxicity is capillary leak sgrome, resulting in a hypovolemic state and fluid
accumulation in the extravascular space (309). Beavarian cancer patients exhibit spontaneous
antitumor immune response, IL-2 therapy may be teonmal approach to activate pre-existing
immunity or enhance immunomodulatory therapy. pgré&oneal IL-2 was used in a phase I/l
study in 41 patients with laparotomy-confirmed pstesit or recurrent ovarian cancer. Weekly IL-2
infusion was relatively well tolerated and demoaigtd evidence of long-term efficacy in a modest

number of patients. Twenty percent of patients &akgative third look, i.e., exhibited pathologic
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evidence of complete response and no residual stisat repeat abdominal exploration (310).
Rejecting pre-therapy T-cell activity, low expressiof the CD3-zeta chain in peripheral blood T
cells prior to therapy, a biomarker of T-cell funcial suppression by tumor derived factors,
predicted poor of response to IL-2 therapy (31ldjpdrtantly, IL-2 is essential for the peripheral
homeostasis of CD4+CD25+Foxp3+ Treg cells, and itaw known that IL-2 is also an important
activator of Treg suppressive activity in vivo (312After IL- 2 cessation, the number of Treg cells
more efficiently dropped in patients who experigheeclinical response than in non responders
(313). Together, these data indicate that patisiitspre-existing tumor-reactive, functional T el
and low prevalence of Treg are those likely to lfiefiom IL-2 monotherapy. In another phase Il
study, 44 patients with EOC responding to primargmotherapy were treated with subcutaneous
low dose IL-2 and oral retinoic acid for 1 year amith intermittent schedules for up to 5 years.
Patients experienced significantly improved progi@sfree and overall survival relative to 82
well-matched controls treated with standard theré®d4). Alternate cytokines that selectively
support activation of effector cells without promagt Teq cells may prove even more effective. IL-
7, IL-15, IL-18 and IL-21 provide possible altenvas to IL-2; however, their function and clinical
use are still under investigation. The functionllof7 has not been completely appreciated until
recently. It serves an essential role not only ymphopoeisis but also in T-cell activity and
maintenance and can promote antitumor immunity &6H. A recent study using a mouse model
of lung cancer examined the effects of IL-7 admmison and found significant reduction in tumor
burden, with a correlating increase in Cizhd CDS8 T cells (317,318). IL-15 has similar functions
to IL-2 in its effects of T cells, but also poteigs NK cell maturation and activity (319). IL-&la
promising cytokine as it enhances the cytolytidvitgt of CD8" T cells and NK cells but also
modulates the activity of CD4T cells and B cells and suppresseag dells (320). A recent phase I
trial demonstrated that administration of IL-21 wassociated with antitumor activity in patients
with unresectable metastatic melanoma (321). ILsl8 novel cytokine that has been shown to
have very potent immunostimulatory effects, inahgdinduction if IFN+], TNF-[], IL-1(], and
GM-CSF, augmentation of NK cell cytotoxicity, action of effector T cells, and promotion ofi.T
responses, which are critical for tumor rejectibna recent study, rhiL-18 was found to expand
human effector T cells and reduce humay i a mouse model transplanted with human periphera
blood lymphocytes (322). Clearly this biology pairib a strong potential for the use of IL-18 in
cancer immunotherapy. The immunostimulatory agtieit IL-18 in vivo has been demonstrated in
non-human primates (323) and humans (324). In pha$ieical evaluation, recombinant human
(rh)IL-18 was safely administered as monotherapg8gatients with solid tumors, with minimal

dose- limiting toxicities and two partial tumor pesmses (324). Toxicity has generally been mild to
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moderate even with repeat administration and a mmaxi tolerated dose has not been reached to
date (325). IL-18 enhanced activation of periphétabd CD8 T cells, NK cells and monocytes
and induced a transient increase in the frequemncly expression level of Fas ligand (FasL) in
peripheral blood CD8T cells and NK cells (325). The relatively minaxicity of rhiL-18,
compared with other immunostimulatory cytokinest thave undergone clinical development, is
remarkable and renders IL- 18 a well-suited drug dombinatorial approaches with chemo-
therapy. In mice with established ovarian carcinpagministration of IL-18 alone was shown to
have modest effects on anti-tumor immunity, but msvleombined with pegylated liposomal
doxorubicin chemotherapy, its effects were greatifanced. Clearly the use of IL-18 therapy with
other immunogenic chemotherapy warrants furtheestigation. A phase | study is currently under
way to test this hypothesis.

TOLL-LIKE RECEPTOR AGONISTS

One of the most basic mechanisms for activatiothefimmune system is through the Toll-like
receptors (TLRs). Antitumor immunity requires robaehancement of the effector T-cell response
induced by tumor antigenic peptides and contra¢lomination of Ty Suppressive function. Thus,
the combination of peptide-based vaccines with Edg®nists, in particular a TLR8 agonist, may
greatly improve the therapeutic potential of caneerccines. Several clinical trials have
demonstrated that administration of agonists foR313,4,7 and 9 can enhance activity of cancer
vaccines in the context of non-small cell lung @&n@26), non-Hodgkins lymphoma (142,143),
glioblastoma (327), and superficial basal cell canma (328). Multiple TLR agonists have also
been explored in melanoma. TLR 7 or 9 agonists weesl in combination with melanoma antigen
vaccine in advanced melanoma (262,329,330). Intiaddithe TLR ligand Ribomunyl has been
used in conjunction with a dendritic cell vaccimea phase I/l trial, which reported a median
survival of 10.5 months in patients with advancezglanoma (331). The use of TLR agonists in the
clinic requires careful preclinical evaluation. Ftample, in the absence of specific cell-mediated
antitumor immunity, non-specific activation of iafhmation could in fact promote tumor growth
rather than reducing it, because of the potent typnamoting effects of inflammation (332). Thus,
combinations with active immunization or adoptiwemunotherapy seem ideal, as these approaches
greatly benefit from concomitant activation of itmammune response. If combination with

chemotherapy is designed, it seems rational to ammbLR agonists with chemotherapy drugs that
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can activate cellular immune mechanisms. Finaltlg,dhoice of TLR agonists m matter. Whereas
TLR 3 and 9 agonists induce apoptosis of -expressing tumor cell83%) TLR4 agonists were
shown to promote tumor cell survival, tumor wth and Rclitaxel resistance in a proportion

ovarian cancer cells (334,335).

ACTIVATION OF CELLULAR IMMUNITY

Generation of a successful antitumor adaptive imentesponse requires first and foremost
primary signal provided by the binding o*-cell receptor to cognate tumor antigen. Howe
multiple secondary signals can activate or sujs this response. Characterization of tt
pathways in tumors and the development of speadgmnistic or antagonistic antibodies or liga
have created new opportunities for powerful stirhafaof antitumor immune responsFigure
12).
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Figure 9. Activation of cellular immunity (schematic repretaion)
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DC ACTIVATION VIA CD40

The CD40 receptor is a member of the TNF rece@onilf expressed by antigen-presenting cells
and B cells. Its ligand, CD40L, is transiently ugpuwated on activated T cells, activated B cells and
platelets; and under inflammatory conditions isoalsduced on monocytes and other innate
immune cells. CD40 is a potent stimulator of amtiggesenting cells and cellular immunity, and
CD40/CD40L interaction is critical in the developmef protective anti-tumor immunity. Mice
deficient in CD40 fail to mount a protective arntimor immune response following vaccination. In
addition, neutralizing anti-CD40L monoclonal antilyacan abrogate the therapeutic value of potent
tumor vaccines (336). Vice versa, a CD40 agonetitbody was shown to be able to overcome
peripheral tolerance and generate antitumor immngualile to reject tumors (337). The main
mechanism of immune stimulation by CD40 ligandsésivation of DCs resulting in increased
survival, up-regulation of costimulatory moleculesid secretion of critical cytokines for T cell
priming such as IL-12. This promotes antigen presem, priming and cross-priming of Cband
CD8§' effector T cells (338). However, agonistic anti 4fDantibody alone can have adverse effects
on antitumor immunity as in the mouse it can ultehaimpair the development of tumor-specific
T cells (339) or accelerate the deletion of tunymeedic cytotoxic lymphocytes in the absence of
antigen vaccination (340). CD40 ligation could thus best used in combinatorial approaches
including vaccines and TLR agonists (338,341). Bawe the immunomodulatory effects of select
chemotherapy agents, the combination of CD40 ligawmith chemotherapy is also a rational
approach that warrants thorough investigation.dxample, in mice with established solid tumors,
the administration of gemcitabine with CD40L trigge potent antitumor immune response that
eliminated tumor burden, and these mice becameratgstant to repeated tumor challenge (342).
Interestingly, the CD40 receptor is expressed omaréety of tumors including melanoma, lung,
bladder and prostate cancers, but also cervix (848)the majority of ovarian cancers (344-348).
Because tumor cells also express the CD40L, ikédyl that low-level constitutive engagement of
CD40 facilitates malignant cell growth. Howeverartsient potent activation of CD40 on
carcinomas with ligand results in direct anti-pierative effects and apoptosis. CD40 agonists
promoted apoptosis and resulted in growth inhibitd ovarian carcinoma lines expressing CD40.
CD40 ligation also induced NF-kB activation and FNFIL-6 and IL-8 production in most EOC
cell lines (344,349). In vivo, administration ofu®@D40L inhibited the growth of several ovarian
adenocarcinoma xenografts in severe combined imdeffueent mice through a direct effect
causing apoptosis, fibrosis and tumor destrucfidre antitumor effect of rhruCD40L was further

52



increased by Cisplatin (350). Interestingly, rIFN4ghanced expression of CD40 on tumor cells and
the efficacy of on EOC cell lines (345). Thus, CDa§bnists can have direct cytotoxic effects on
tumors, even in the absence of any additional imemesponses and cells. Early clinical experience
with monoclonal 1gG agonistic antibodies is encgurg. In a recent phase | study, patients with

advanced solid tumors received single doses of Gigddistic antibody CP-870,893 intravenously.

CP-870,893 was well tolerated; the most common raévevent being cytokine release syndrome
including chills, rigors, and fever; 14% of all faits and 27% of melanoma patients had objective

partial responses (351).

ACTIVATION OF T EFFECTOR CELLS VIA BLOCKADE OF
INHIBITORY CHECKPOINTS

T-cell activation is triggered through the T-ce#iceptor by recognition of the cognate antigen
complexed with MHC. T-cell activation is regulateg complex signals downstream of the diverse
family of CD28 family immune receptors, which indks costimulatory (CD28 and ICOS) and
inhibitory receptors (CTLA-4, PD-1 and BTLA). CD28d CTLA-4 share the same ligands, B7-1
(CD80) and B7- 2 (CD86), whereas PD-1 interact® Wb ligand 1 (PD-L1), also named B7-H1,
and PD-L2, also named B7-DC. Simultaneous recagnitif the cognate MHC—peptide complex
by the TCR (signal 1) and CD80 or CD86 by CD28 r{alg2) results in T-cell activation,
proliferation, and differentiation, as well as eff@ cytokine production. PD-1 and CTLA-4 are
induced on T cells following a TCR signal and réswilcell cycle arrest and termination of T-cell
activation. The importance of the PD-1 and CTLAathways in the physiologic regulation of T-
cell activation is demonstrated by the autoimmumeases occurring in CTLA-4 and PD-1
knockout mice (352) and further illustrated by thBammatory side effects that can result from a
therapeutic blockade of CTLA-4 in vivo, both in mnal models and in humans (353-356). The use
of blocking CTLA-4 or PD-1 mAbs can sustain theiation and proliferation of tumor-specific T
cells, preventing anergy or exhaustion and theedloyving the development of an effective tumor-

specific immune response
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3. miRNAs: NEW PLAYERS IN CANCER BIOLOGY

After the initial discovery in 1993, when a smalNR encoded by thdéin-4 locus was associated
with the developmental timing of the nematddi@enorhabditis elegansy modulating the protein
lin-14 (357), the miRNA field had undergone a Igregiod of silence. It took several more years to
appreciate that these small (19-22 nt) RNA molecale expressed in several organisms, including
Homo sapiens are highly conserved across different specieghlyi specific for tissue and
developmental stage, and that they play cruciattfans in the regulation of important processes,
such as development, proliferation, differentiatiapoptosis and stress resportagyre 13).
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Figure 10. miRNAs are small RNA molecules, about 19-25 nuitles long, that are highly conserved in the gersome
of different species. The mature form (in red) desi from a partially double stranded precursor attarised by a
hairpin structure.

In the last few years, miRNAs have taken their @lat the complex circuitry of cell biology,

revealing themselves as key regulators of geneesgmn. miRNA genes represent approximately
1% of the genome of different species, and eachboath to and regulate hundreds of different
conserved or non-conserved targets: it has be@natetl that about 30% of an organism’s genes

are regulated by at least one miRNA (358).
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MiRNAs are transcribed for the most part by RNAyRwrase Il as long primary transcripts
characterised by hairpin structures (pri-miRNAshjch are processed in the nucleus by the RNAse
lIl Drosha into 70-100 nt long pre-miRNAs. Theseqursor molecules are exported by an Exportin
5-mediated mechanism to the cytoplasm, where aiti@ual step mediated by the RNAse Il Dicer
generates a dsRNA of approximately 22 nucleotidamyed miRNA/miRNA*. The mature single
stranded miRNA product is then incorporated inte tomplex known as miRNPM{RNA-
containing ribonucleoproteirompley, miRgonaute or miRISCn{iRNA-containing RNA-induced
silencing complex whereas the other strand is usually subjectedetyradation. In this complex,
the mature miRNA is able to regulate gene expresaigost-transcriptional level, binding through
partial sequence complementarily for the most fathe 3'UTR of target mRNAs, and leading at
the same time to some degree of MRNA degradatidfoatransiation inhibition (359Figure 14).
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Figure 11.Biogenesis, processing, and maturation of miRNA&Nws are transcribed mainly by RNA polymerase Il
as long primary transcripts characterised by haigpiuctures (primiRNAs) and processed in the nuscley RNAse 11
Drosha in a 70-nucleotide-long pre-miRNA. This pmsor molecule is exported by the Exportin 5 to ¢hoplasm,
where RNAse Il Dicer generates a dsRNA of apprataty 22 nucleotides, named miRNA/mMiRNA*. The matur
miRNA product is then incorporated in the complewwn as miRISC, whereas the other strand is usealjected to
degradation. As part of this complex, the matur&NA is able to regulate gene expression bindingugh partial
homology the 3'UTR of target mRNAs and leading tB&NA degradation in case of perfect matching or diation
inhibition when there is partial complementaritySR, RNA-induced silencing complex.
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Croce at al. identified putative tumour suppressdrshromosome 13g14 that were involved in the
pathogenesis of Chronic Lymphocytic Leukaemia (Glthe most common human leukaemia in
the Western world. Deletions of chromosome 13 atlgl4 are detected by cytogenetic studies in
approximately 50% of CLL, while loss of heterozygpqLOH) studies identified deletions at
13914 in approximately 70% of CLLs. They took adege of chromosome translocations and
small deletions to define a minimal critical regiohdeletion. However, they found that this critica
region on 13q14 does not contain the expectediproteling tumour suppressor gene. Instead two
non-protein coding MiIRNA genesniR-15a and miR-16-1 that are expressed in the same
polycistronic RNA were detected. This result indéchthat the deletion of chromosome 13ql14
caused the loss of these two miRNAs, providingfittse evidence that miRNAs could be involved
in the pathogenesis of human cancer (360). Studylafge series of primary CLL showed knock
down or knock out omiR-15aandmiR-16-1in approximately 69% of CLL. Since such alteration
present in most indolent CLL, they speculated tbhas of miR-15aand miR-16-1could be the
initiating or a very early event in the pathogesesi the indolent form of this disease (360).
Immediately after these initial observations, Cretal. mapped all the known miRNA genes and
found that many of them are located in regiondhefdenome involved in chromosomal alterations,
such as deletion or amplification, in many diffdrdruman tumors. In several instances the
presumed tumor suppressor genes or oncogenesctiesfye had failed to be discovered after
many years of investigation (361). A rapidly ingeg body of experimental evidence has
subsequently demonstrated that this was not jusbt@m association, but that miRNAs can have a
causal role in tumourigenesis, acting as oncogendsmor suppressor genes depending on the

target molecules they regulate and on the celidatext Figure 15).
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Figure 12. miRNAs as oncogenes or tumour suppressor genédNAs can have oncogenic effects (oncomiRNA)
when they target tumour suppressor genes. Wheme@snoRNA is overexpressed, for example becauseticeding
gene is located in an amplified region of the geapthis will lead to down-regulation of the targetsd to tumour
formation (upper panel). Conversely, a miRNA carcharacterised by tumour suppressor propertidwifain target
in that specific cellular context is an oncogemethis case, if the miRNA expression is lost, faample because the
encoding gene is located in a deleted region ofjfr@me, the resulting effect will be tumourigeficaver panel). In
summary, what usually happens in a tumour is tleexpression of an oncogenic miRNA, and/or the tdsss mMiRNA
with oncosuppressive properties.

Examples of tumor suppressor miRNAs argR-15 and miR-16-1 or let-7a, able to target
respectively oncogenes as BCL2 (362) and RAS (38B)cA2 (363,364) and MYC itself (365),
whereas a well known oncomiRNA msiR-21, overexpressed in several human tumors and able to
induce proliferation, invasion and metastasis bpressing the expression of oncosuppressor
molecules, as TPM1 (366) and PDCD4 (367). Alteration miRNAs expression are not isolated
but rather appear to be the rule in human canctter Ahe early studies indicating the role of
mMiRNA genes in the pathogenesis of human cancHereint platforms have been developed to
assess the global expression of miRNA genes in aloamd diseased tissues, and profiling studies
have been carried out to assess miRNA dysregulatidruman cancer. This was an attempt to

establish whether miRNA profiling could be usedtiamor classification, diagnosis and prognosis.
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MIRNA PROFILING IN CANCER DIAGNOSIS AND PROGNOSIS

Profiling of different cell types and tissues iratied that the pattern of miRNA expression is

type and tissue specific, suggesting that the pragregulating expression of miRNAs

exquisitely cell type dependent,

and tightly assed with celllar differentiation ant

development. Some of the most important miRNAs Wraceaberrantly expressed in turs are
listed inTable 6.

Table 6

Tumour type
CLL

AML

Lymphoma

MM

Breast Cancer

Lung Cancer

HCC

up-regulated
miRNA

miR-155

miR-155
miR-17-92
miR-106b-235
miR-21

miR-19a, miR-19b
miR-21

miR-373

miR-155

miR-221

down-regulated
miRNA
miR-29, miR-181

miR-15a, miR-16-1
miR-29

miR-125b

miR-205

miR-10b (associated
with metastasis)

miR-200
let-7

miR-122a

miR-34a

target
TCL1

BCL2
MCL1
DNMT

PTEN. BIM.E2F1
E2F1

SOCS1

PTEN. PDCD4. TPM1
HER2. HER3

HER3

HOXD10

ZEB
RAS, HMGA2. C-MYC

Cyclin G1

Table 6. miRNAs aberrantly expressed in tumouCLL, chronic lymphocytic leukemia; AML, acute myelgic

leukemia; MM,multiple myeloma; HCC, hepatocellular carcino

The possible use of mMIRNA as biomarkers of diaghasid prognosis is also strengthened by
relative stability of these small molecules, whatables them to be extracted and visualizec
only from fresh or frozen samples, but also from archpaaaffin embedded tissue368), for
which larger numbers of samples from diagnostitiaes ind more clinicpathological follow ug
data are generally available. Moreover, it has besrently shown th miRNAs can also be
detected in biological fluids, as bloc369,370,37}, or in circulating exosome372). Notably, the
expression profile of circulating miRNAs from cangatients in comparison with healthy subje

often reflects the patterobservecin the tumor versus normal tissue (370hese repor provide
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evidence of a possible future use of circulatindRiAs as useful biomarkers for less invasive

diagnostics.

MIiRNA IN OVARIAN CANCER

The first report of a putative involvement of miRBlA the biology of human ovarian cancer was the
genomic study performed by Zhamg al, who used an array comparative genomic hybriidisat
(aCGH) approach to identify miRNA loci gained/lostovarian cancer, breast cancer and melanoma
(373). After this initial evidence, several groupave investigated the role of miRNAs in the
pathogenesis of ovarian cancer, either as biomgrlgatential research tools or targets for specific
therapies. miRNAet-7i was recently found to be a tumor suppressor sanfly down-regulated in
platinum resistant ovarian tumors, datl7i gain-of-function restored drug sensitivity of chee®istant
ovarian cancer cells, thus representing a canditdedenarker and therapeutic target (374). An
oncosuppressive role fanR-15/-16has been described also in ovarian cancer, whese tivo miRNA
regulate the expression of the oncogenic proteillBBv5). In another study, 27 miRNAs significantly
associated with chemotherapy response, showingghmatiar to DNA methylation) miRNAs represent
possible prognostic and diagnostic biomarkers f@rian cancer (376)miR-214has been reported to
target PTEN thus contributing to cisplatin resis&uf377). Interestingly, levels @icer and Drosha
MRNA in ovarian-cancer cells have been recentlp@ated with outcomes in patients with ovarian
cancer (378).

MIRNAS/ANTI-mIRNAs IN CANCER TREATMENT

The evidence collected to demonstrate that miRNAy mepresent valid diagnostic, prognostic and
predictive markers in cancer. Indeed, aberrant miRé&kpression correlates with specific bio-
pathological features, disease outcome and responspecific therapies in different tumor types.
Considering the importance of miRNAs in developmerbgression and treatment of cancer, the
potential usefulness of a miRNA-based therapy mceais now being exploited, with the attempt to
modulate their expression, reintroducing miRNAg ioscancer, or inhibiting oncogenic miRNAs by

using anti-miR oligonucleotide&igure 16).
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Figure 13. miRNAs as therapeutic tools. The reintroductionttansfection of synthetic miRNAs lost during cance
development or progression or the inhibition of @genic miRs by using anti-miRNA oligonucleotidesulcb help
counteract tumour proliferation, extended survivaald the acquisition of a metastatic potential sthepresenting
potential therapeutic tools.

For example, transfection ohiR-15a/16-1linduces apoptosis in leukaemic MEGO1 cells and
inhibits tumour growthin vivo in a xenograft model (379), while the inhibition wiR-21 with
antisense oligonucleotides generates a pro-apop#otd antiproliferative responsa vitro in
different cellular models, and reduces tumor dgwelent and metastatic potentialvivo (380).
Moreover, miRNAs involved in specific networks,tage apoptotic, proliferation or receptor-driven
pathways, could likely influence the response tgeted therapies or to chemotherapy: inhibition of
miR-21 and miR-200b enhances sensitivity to gemcitabine in cholangesytprobably by
modulation of CLOCK, PTEN and PTPN12 (381). Bedideyeted therapies and chemotherapy,
MiRNAs could also alter the sensitivity to radiotygy, as recently reported by Slack’s group
(382): in lung cancer celldet-7 family of miRNAs can suppress the resistance tacanter
radiation therapy, probably through RAS regulati@vidence described to date represents the
experimental basis for the use of mMiRNAs as batlpets and tools in anti-cancer therapy, but there
are at least two primary issues to address to la@Enthese fundamental research advances into
medical practice: the development of engineerednahimodels to study cancer-associated
mMiRNAs, and the improvement of the efficiency ofRNiA/anti-miRNA deliveryin vivo. Towards
this aim, modified miRNA molecules with longer hélfes and efficiency have been developed,
such as anti-miR oligonucleotides (AMOs) (383), kied¢ nucleic acid (LNA)-modified
oligonucleotides (384), and cholesterol-conjugatedagomirs (385). Interestingly, Ebert and
colleagues (386) have recently described a newoapprto inhibit miRNAs function: synthetic
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MRNASs containing multiple binding site for a speciniRNA, called miRNA sponges, are able to
mop up the miRNA preventing its association witd@genous targets.

To improve thein vivo delivery of either miRNAs or anti-miRNAs, the metisothat have been

tested in pre-clinical studies over the last desaide short-interfering RNAs (siRNA) or short
heteroduplex RNA (shRNA) (387) could be appliedbals miRNAs. Moreover, the advantage of
MiRNAs over siRNA/shRNA is their ability to affechultiple targets with a single hit, thus

regulating a whole network of interacting molecules
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4. PREVIOUS RESULTS

The group where | conducted the thesis showed ithetperitoneally IGROV-1 tumor-bearing
athymic mice treated weekly i.p. with CpG-ODN showe significantly increased life span as
compared to controls; however, all mice died wisicies (388). Interestingly, treatment of mice
when they had developed ascites showed a reduadd eight (BW) the day after CpG-ODN
administration. To further investigate this obséinig IGROV-1-bearing mice with established
ascites, i.e., increased abdominal volume and B®/ewreated i.p. with a single injection of CpG-
ODN (20 ug/mouse) or saline, sacrificed in groups of 3 #ecknt time points, and ascetic fluid
removed for volume quantization and cell collectidscitic volumes continued to increase in
control mice, whereas the volumes in treated memdinked shortly after treatment and accumulated
thereafter at a slower rate than in contréigygre 17A). At 96 h after CpG-ODN injection, the
mean volume was increased up to 5-fold in contals$ 2.5-fold in treated mice (from 1.7 ml to 8.7
ml and 4.3 ml, respectively). Total number of Ilperitoneal cells collected from the ascitic fluid
was rapidly and dramatically reduced in treatedentiompared to control mice, with the reduction
still detectable at 96 h after CpG-ODN treatméiggre 17B, P<0.001).
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Figure 14. Effect of CpG-ODN treatment on ascites volume aabiularity. Ascites-bearing mice, treated i.p. with
CpG-ODN or saline, were sacrificed at selected tpomts (3-6 mice/point), and ascitic fluid andlsealollected. A)
Ascites volume, plotted based on linear regressioalysis and "best-fit" linear regression. Slopésuwves were
compared using an unpairetest (p< 0.001); B) Number of live cells (mean +)§DP<0.001); Open symbols: control
mice; closed symbols: CpG-ODN-treated mice.

It was also recently investigated the effects oGEPDN administered using different schedules on
survival times of ascites-bearing mice. In two safe experiments, mice were i.p. treated with

CpG-ODN or saline every 7th day for 4 weeks. Salirated mice became moribund for tumor
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burden and were euthanized between days 18 anéi€t4tumor cell injection (MST of 19.5 and
20.5 days, in the two experiments, respectively)ergas CpG-ODN-treated mice were euthanized
between days 21 and 130 (MST of 21 and 22.5 dagsaai/C% =108 and 110 in the two
respective experiments)igure 18A). When ascites-bearing mice were treated with QBN
according to a more frequent schedule, i.e., 5 dimeek for 3 or 4 weeks, survival was
significantly increased compared with saline-trdageoups (MST of 21 and 20.5 days for control
mice in the two experiments, and 30.5 and 34 day<pG-ODN-treated mice; T/C% of 145 and
166 for 3 or 4 weeks of treatment, P=0.0023 an@@I4, respectively)Higure 18B).
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Figure 15. Effect of CpG-ODN treatment on survival and bodgight. Kaplan-Meier plot of the percentage of
survivors over time among IGROV-1 ascites-bearingentreated with CpG-ODN (2f0g/mouse) or saline for 4 week
severy 7th day (A) or 5 times/week (B). Open syrabobntrol mice; closed symbols: CpG-ODN-treatedani

In light of a reported direct effect of CpG-ODN @mor cell death (389), IGROV-1 cells were
tested for expression of TLR9 and for their respaiatsCpG-ODN. Low-level expression of TLR9
was detected both at the RNA (by reverse transonf?CR) and protein (by FACScan analysis)
levels, but neither viability nor proliferation wasodified after CpG treatment at doses up to 10
ug/ml, and levels of pro-inflammatory mediators @L-TNF-n, and IL-18) in the supernatant of
CpG-ODN treated IGROV-1 cells were comparable tséhof control cells.
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Markedly elevated peritoneal VEGF levels can bes@mé in malignant ascites of ovarian cancer
patients (390), and blocking of VEGF has been rieplaio strongly reduce ascites volume (391).
The peritoneum is now recognized as a dynamic leellmembrane with important functions,
including secretion of cytokines and growth factersch as IL-1, IL-6, KC, GM-CSF, and TNF.
Moreover, the activation of different immune ceits the peritoneal cavity by CpG-ODN may
trigger release of other cytokines, such as IL}EQL-y or IL-12, in the peritoneal fluid.

Bio-Plex assay of cytokines and growth factorsentpneal fluid 24 h after CpG-ODN injection (3
mice/group) indicated increased levels of IL-6,1Q; IL-12 and IFNy over those in control mice
but reduced levels of all of these cytokines initpaeal fluids 48-96 h after CpG-ODN treatment

similar to levels in control micé={gure 19).
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Figure 16. Effect of CpG-ODN treatments on ascitic fluid centrations of angiogenic factors and cytokines #sei
bearing mice were treated i.p. with CpG-ODN (T)kaline (C). At selected time points, CpG-ODN- aaling-treated
mice (3 mice/point) were sacrificed, ascites fluwsre recovered, and cytokine and angiogenic famtocentrations
were determined by Bio-Plex assay.
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CpG-ODN and DNA REPAIR

It was recently demonstrated that CpG-ODN modudggiees involved in DNA repair, increasing
their expression in TLR9-expressing immune celig, down-regulating their expression in tumor
cells and thereby increasing sensitivity to DNA-@&@mng chemotherapeutic agents.

In silico analysis were conducted on tumor and immune ¢ella mice treated or not i.p. with
CpG-ODN.

In immune spleen cells from a list of 209 genesaetd according to the “DNA repair” term from
GeneOntology (www.geneontology.org, GO:0006281mpuk@9 were present in the GSE11202
and 49 genes were found to be significantly moedl#FDR<0.05) during the course of CpG-ODN
treatment, 43 of which were up-regulat&eyre 20).
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In human IGROV-1 ovarian carcinoma cells among tB82 genes belonging to

G0:0006281human, 227 genes available in our miagalatform clustered tumors according to
saline or CpG-ODN treatmerfigure 21A) (accession number GSE23441), and the pattermof t
gene modulation in CpG-ODN-treated mice reflectadrereased susceptibility to DNA damage
(75 of 114 genes modulated at a threshold of ps@v@% down-regulated}igure 21B).

A Dendrogram for clustering experiments, B LAAAATAEE

using centered correlation and average linkage.
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Figure 18. Microarray analysis of DNA repair pathway gened@GROV-1 ovarian tumors from CpG-ODN-treated
athymic mice. IGROV-1-bearing mice with establisldites, i.e., increased abdominal volume and kaght, were
treated i.p. daily for 3 days with CpG-ODN or salifcontrol group) and sacrificed 24 h later. RNAiracted from
tumors was analyzed on lllumina human whole-gendmeads chips; 227 genes in the DNA repair pathway
(G0O:0006281human) were detected in our microarsgement (accession number GSE23441). (A) Unsugpety
hierarchical clustering of tumors according to esgsion levels of 227 DNA repair genes. (B) Heat-mamodulated
genes, 75 down- and 39 up-modulated (threshold(g®%0in CpG-ODN-treated mice; (red: up-regulatedese green:
down-modulated genes). Each column represents plsa@md each row, a gene.
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Thus, microarray analyses indicate that locally mistered TLR9 agonists regulate DNA repair

genes in tumor cells in the opposite way than imiume cells.

Results of microarray analyses were validated layreming on tumors from CpG-ODN-treated and

control mice the expression of the gene productD®A a key protein in the homologous

recombination DNA repair pathway (392), and SIRTdhose activity promotes homologous

recombination (393). RAD51 and SIRT1 proteins dasee their expression in treated mice as

compared to controld={gure 22).
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Figure 19. Western blot analysis of DNA repair proteins irRGV-1 tumor cells adhering to the peritoneal wétéa
i.p. injection of CpG-ODN. Protein expression lee€ISIRT-1 (A), Rad51 (B) in IGROV-1 ovarian canaalls from
athymic mice treated daily for 3 days with CpG-ObiNsaline (4 mice/group). Vinculin was used to nalime protein
loading per lane.

To evaluate whether CpG-ODN-induced DNA repair gemadulations, observed in IGROV-1
microarray analysis, were relevant to increase cle sensitivity to DNA damages, among the
genes found differentially modulated between theG&pDN-treated and untreated IGROV-1
tumors, a set of 27 gene with a level of FDR Iés81t0.01 and a fold difference of more than 1.5
was selectedHigure 23) and the average expression of both CpG-ODN-tdeated untreated

tumors was calculated for each gene.
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Figure 23.Heat-map of the 27 modulated genes in the DNAirgzahway obtained in IGROV-1 ovarian tumors from
CpG-ODN-treated athymic mice.

The effect of CpG-ODN treatment on the antitumaivity of Cisplatin was evaluated to test for
correlation between DNA repair gene down-modulatod sensitivity to DNA-damage-inducing
drugs.

IGROV-1 ovarian tumor—bearing athymic mice weredusethese experiments, as IGROV-1 cells
are sensitive to Cisplatin (394) and as CpG-ODihis model has been shown to prolong survival
of mice with bulky disease, inducing an activatairdifferent effector cells and cytokines of innate
immunity at the site of tumor growth (388, 395).celiwere treated i.p. with CpG-ODN, Cisplatin,
or both 8 days after tumor cell injection, whenit@scstart to form. Analysis of the effect of the
combined treatment revealed a significant (P <@l)@ncrease in life span compared with the use

of either reagent alon&igure 24).
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Figure 24. Kaplan-Meier plot of percent survivors over timmang IGROV-1 ovarian tumor-bearing athymic mice.
Mice were treated i.p., starting from 8 days aftenor cell injection, with CpG-ODN (2@g/mouse, 5 days/week for 4
weeks), cis-platinum (DDP, 3 mg/Kg i.p., once perew for 4 weeks) or both. Control mice receivednsalSaline-
treated mice «); CpG-ODN-treated micedj, cisplatin-treated mice&); CpG-ODN plus cisplatin-treated mica)(
Experimental groups consisted of 8-10 mice group.

It should be noted that the modulation of DNA regganes in human ovarian IGROV-1 tumors and
the increase in the antitumor effect of Cisplatimd &£pG-ODN against IGROV-1 human ovarian
tumor xenografts in mice were observed in miceciige with a CpG-ODN sequence specific for
murine TLR9, making unlikely the possibility théset modulation was related to a direct interaction
of CpG-ODN with tumor cells, as different DNA matiare required for stimulation of mouse and
human cells by CpG-ODN (76, 396).

Down-modulation in DNA repair genes in tumor celts the analyses thus far involved the
administration of CpG-ODN at or near the tumor.site

These findings provide the first evidence thattthmor microenvironment can sensitize cancer cells
to DNA-damaging chemotherapy, thereby expandinghbtbeefits of CpG-ODN therapy beyond
induction of a strong immune response, underscotiregneed for further investigation of the
mechanisms and of the synergistic effect of CpG-QbNombination with DNA-damaging drugs

in cancer treatment.
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MATERIALS AND METHODS
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CELLS

Human IGROV-1 ovarian tumor cells (gift from Dr.Benard, Institute Gustave Roussy, Villejuif,
France) were adapted to growth i.p. and maintaiyeskrial i.p. passage of ascitic cells into health
mice as described (397,398). Every 6 months, eedi® authenticated by morphologic inspection
and by FACS analysis for the presence of specifackers. For in vitro experiments, IGROV-1
cells were maintained in RPMI medium 1640 supplaegkrwith 10% FCS (Sigma) and 2 mM
glutamine (Cambrex, East Rutherford, NJ, USA) at@71n a 5% CO2 air atmosphere. Mouse
leukemic monocyte/macrophage RAW 264.7 cells (Aoaeri Type Culture Collection) were
cultured in DMEM (Sigma) supplemented with 10% FS§ma) and 2 mM glutamine (Cambrex).

MICE

Eight- to 12-week-old female Swiss nude (athymiaren(Charles River, Calco, Italy) were
maintained in laminarflow rooms at constant tempeeaand humidity, with food and water given
ad libitum Experiments were approved by the Ethics Commitiednimal Experimentation of the

Fondazione IRCCS Istituto Nazionale Tumori of Miketording to institutional guidelines.

DRUGS AND ANTIBODIES

Purified phosphorothioated ODN1826 (59-TCCATGACGTITSACGTT-39) containing CpG
motifs was synthesized by TriLink Biotechnologie€Sa( Diego, CA, USA). Phosphorothioate
modification was used to reduce susceptibilitynef ODN to DNase digestion, thereby significantly
prolonging its in vivo half-life. Cisplatin was ptivased from Teva ltalia (Milan, Italy). Anti-
HDAC4 (D15C3), anti-p21 (sc-397) and anti-GAPDH (BAH-71.1) antibodies were purchased
from Cell Signaling Technology (Danvers, MA, US&ganta Cruz Biotechnology (Santa Cruz, CA,
USA) and Sigma (St. Louis, MO, USA), respectively.

The following drugs were used: Bevacizumab (RocBesel, Switzerland); Poly(l)Poly(C)
(Amersham Biosciences, Piscataway, NJ, USA); Cetaki (ErbituxW, Merck Serono, Darmstadt,
Germany); Gefitinib (LC Laboratories, Woburn, MA, SB). Lyophilized ODN1826 and
Poly(l):Poly(C) were dissolved in sterile water atconcentration of 10 mg/ml and 2 mg/ml,

respectively, and stored at —20°C until use. Guhbtiwas dissolved in DMSO (10% v/v final
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concentration) and diluted in carboxymethylcelleld®.25% w/v) to a final concentration of 10
mg/ml. Bevacizumab, Cetuximab and Cisplatin (puselgain their commercial formulation) were
diluted in 200ul of sterile saline at the indicated concentratiuss before administration.

MiRNA EXTRACTION FROM TUMOR SAMPLES

MiRNAs were extracted from the IGROV-1 xenografhtus used for gene expression analysis or
from a replica of the in vivo experiment (397). @8ly, solid i.p. masses were mechanically
disrupted and homogenized in the presence of QIRysis reagent (Qiagen, Valencia, CA, USA)
using a Mikrodismembrator (Braun Biotech Internasilp Melsungen, Germany). RNA was
extracted using the miRNeasy Mini kit (Qiagen) adowg to the manufacturer’s instructions. RNA
concentrations were measured with the NanoDrop RO-Bpectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA), while RNA qugliwas assessed with the Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA A)Susing the RNA 6000 Nano kit (Agilent).
Samples included in the present analysis had a (RINA Integrity Number) scoree 7 and a
28S:18S rRNA ratio ~ 2:1.

MIRNA EXPRESSION PROFILING

Mature miRNAs were detected with the Illlumina Huma2 MicroRNA expression profiling kit,
based on the DASL (cDNAmediated Annealing, Selecti&xtension, and Ligation) assay,
according to the manufacturer’s instructions (llineninc., San Diego, CA, USA). Briefly, 600
ng/sample total RNA was converted to cDNA followbg annealing of a miRNA-specific
oligonucleotide pool consisting of: i) a univerd&CR priming site at the 59 end; ii) an address
sequence complementary to a capture sequence oBeth@Array; and iii) a miRNA-specific
sequence at the 39 end. After PCR amplification faimmtescent labeling, probes were hybridized
on lllumina miRNA BeadChips, washed, and fluorescggnals were detected by the Illumina
BeadArrayTM Reader. Data were collected using Baati® V3.0 software. Raw and normalized
data are available on the Gene Expression Omnilebsite with accession numbers GSE41783 and
GSE23441 for miRNA and gene expression profiliegpectively.

72



REAL-TIME QUANTITATIVE PCR (RT-gPCR)

RT-gPCR microRNA assays specific for hsa-miR-18sgnhiR- 18b, hsa-miR-140-5p, hsa-miR-
101, hsa-miR-556-3p, hsamiR-424, hsa-miR-136, hi&&a3d0, hsa-miR-302b were purchased
from Exigon (Vedbaek, Denmark). RT-gPCR was perfarasing the miRCURY LNA Universal

RT microRNA PCR system (Exigon) according to thenafacturer’s instructions. Total RNA (20

ng) was polyadenylated and reverse-transcribe@@at 460 min), followed by heat-inactivation at
85uC (5 min) using a poly-T primer containing awsfiversal tag. The resulting cDNA was diluted
80-fold and 8 ml used in 20-ml PCR amplificatioactons at 95uC for 10 min, 40 cycles of 95uC
for 10 sec, and 60uC for 60 sec. Results were raedawith snord48 (Assay 1D:203903). P-

values were calculated using two-tailed Studentést.

BIOINFORMATICS ANALYSIS

Analyses were performed using BRB-Array Tools vdt@ble release developed by Dr. Richard
Simon (NCI) and the BRBArray Tools development te@@MMES Corp.) and the R package
(http://www.bioconductor.org/). The same data-pssaeg was used in both miRNA and gene
expression profiling to improve data integrationua@tile normalization was used to correct
experimental distortions. A detection thresholgpdf.05 was set for each gene and miRNA. Probes
detected in less than 50% of the samples werere@ted from the analysis. Genes and miRNAs
differentially expressed were identified using ad@amvariance t-test, which allows computation of
a t-test statistic for each detected miRNA and gehetween the classes of samples under
investigation without assuming that all miRNAs hdkre same variance (399). To limit the number
of false-positive findings, miRNAs and genes weoasidered statistically significant at a false-
discovery rate (FDR) < 0.1. To identify the mokely targets, mRNA and miRNA expression data
were integrated using the MAGIA web tool (400). Arametric linear correlation measure
(Pearson’s correlation coefficient, recommendednfinmally distributed data and a sample size >

5) was used to assess the degree of anti-cormela¢itveen miRNA and gene expression data.
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IN SILICO BIOINFORMATICS ANALYSES

Two publicly available datasets GSE27290 (401) &m8E25204 (402) reporting miRNA
expression and clinical annotated data were dowlelddom the Gene Expression Omnibus (GEO)
database. The former dataset consists of 62 diagngatients with stage Ill or IV serous ovarian
cancer profiled on a precommercial version of miRt#ps (GPL7341) designed on miRBase 9.1.
Raw array data were processed using GeneSpringaseffAgilent) and quantile-normalized. The
latter dataset reports profiling of 85 stage IllIdrepithelial ovarian cancers, divided into a miag

set (55 cases) and test set (30 cases), profilgdiNimina human_v2 MicroRNA chips. Raw data
were processed and quantile-normalized using Bedd5tV3.0 software. Non-biological
experimental variations between training and tets were adjusted using ComBat (403).

MIiRNA TRANSFECTION AND CELL VIABILITY ANALYSIS

IGROV-1 cells seeded in 6-well plates at 26105stetll were transfected with miRCURY LNA
inhibitors of hsa-miR-424 or hsa-miR-340 or negatoontrol A (Exigon; final concentration, 100
nmol/L) using SiPort Neo-FX (Ambion) according teetmanufacturer’s instructions, or with hsa-
miR-302b precursor or negative control #1 pre-mMnbion; final concentration, 50 nmol/l).
Transfections were verified by gRT-PCR as descriddgalve. Cell viability after cisplatin treatment

was assessed by propidium iodide staining and ¢gemetry (397).

CELL GROWTH ASSAY

IGROV-1 cells were transfected with 50 nmol/l psafmiR-302b or scrambled oligonucleotide
using SiPort Neo-FX transfection reagent accordmthe manufacturer’s protocol (Ambion) and
seeded in a 96-well plate at a density of, 105x1G, and 2x10 cells/well. After 72 h of culture,
cells were fixed with 10% trichloroacetic acid foh at 4uC, washed 5 times with distilled and de-
ionized water, air-dried, and incubated with 100smlforodamine (SRB) 0.4% (w/v) for 30 min.
Cells were then washed 4 times with 1% acetic atredried, and 10 mM Tris solution (pH 10.5)
added to dissolve the bound dye. Cell growth wasssed based on optical density (OD) at 550 nm
using an ELISA microplate reader (Bio-Rad Lab, litercules, CA, USA).
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IMMUNOBLOTTING

Transfected cells were lysed in lysis buffer camtag 50 mM Tris-HCI (pH 7.5), 150 mM NacCl,
1% Triton X-100 (Sigma), 10% (vol/vol) glycerol,@M Na-orthovanadate, 10 mM leupeptin, 10
mM aprotinin, 1 mM phenylmethylsulfonyl-fluoride,00@ mM Na-fluoride, and 10 mM Na-
pyrophosphate for 30 min at 4uC. Insoluble matenak removed by 10-min centrifugation at
15,500 6 g at 4uC. Protein concentrations wererch@ted using the Coomassie technique. Equal
amounts of total lysates (20 mg) were loaded apdra¢ed on 10% precast NuPage SDS Bis-Tris
gels (Invitrogen) and transferred to PVDF membraiidlipore, Billerica, MA, USA). Western
blots were performed with the indicated antibodigsd binding was detected with peroxidase-
conjugated secondary antibodies and chemiluminesc&CL (GE Healthcare, Little Chalfont,

UK) according to the manufacturer’s instructions.

PLASMID CONSTRUCTION

For luciferase reporter experiments, a 1017-bporegf the HDAC4 39 untranslated region
including the binding site for hsamiR- 302b was &figg from IGROV-1 cells. The PCR product
was digested with Xbal and cloned into the repgstasmid pGL3 control (Promega, Madison, WI,
USA) downstream of the luciferase gene. Mutatiams ithe hsa-miR-302b binding site of the
HDAC4-39UTR were introduced using Quik-Change IlteSbirected Mutagenesis kit (Agilent
Technologies, Santa Clara, CA).

Primers for plasmid construction were:

HDAC4-wt-Fw: 5-AATTTCTAGAGGGGGACTTAATTCTAATCTCATT-3'.

HDACA4-wt-Rw: 5-AATTTCTAGATTTTGTGTCAGACCATTACGAA-3..

HDACA4-Mut-
Fw:5’"GCACTGGCTGGGAGTCAGCAAGCGCCGCGGGTATATCCCTTTGAGAAACCCTG
-3

HDACA4-Mut-Rw: 5'-

CAGGGTTTCCCTCAAAGGGATATACCCGCGGCGCTTGCTGACTCCCAGCCAGC-3'.
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LUCIFERASE ASSAYS FOR TARGET AND PROMOTER IDENTIFIC ATION

pGL3 reporter vector (200 ng) containing the hs&+802b binding site, 40 ng of the phRL-SV40
control vector (Promega), and 50 nmol/l miRNA pmscus or scrambled sequence miRNA control
(Ambion Inc, Austin, TX. USA) were co-transfectattd IGROV 1 cells in 48-well plates. Cells
were transfected with Lipofectamine 2000 (Invitrogeaccording to the manufacturer’s
instructions. Firefly luciferase activity was mesei with a Dual Luciferase Assay Kit (Promega)
48 h after transfection and normalized with a Raniciferase reference plasmid. Reporter assays
were carried out in quadruplicate. Data (mean6S.Ewére analyzed using unpaired Student’s t-

test.

ANTIBODY-DEPENDENT CELLULAR CYTOTOXICITY (ADCC) ASS AY

IGROV-1 cells were treated or not (controls) witet@imab (5ug/ml for 72 h) and labeled with
100uCi >*Cr (PerkinElmer, Waltham, Massachusetts) for 1 874C. After 3 washes with PBS-5%
FCS, cells were co-incubated for 4 h at 37°C wiBMZ from 12 healthy donors (effector:target
ratio 50:1) in 20Qul RPMI 1640 complete medium in triplicate 96-wellddttomed plates in the
presence of saturating concentrations of Cetuxi(h@lpg/ml). Radioactivity of the supernatant (80
ul) was measured with a Trilux Beta Scintillationu@eer (PerkinElmer).

Percent specific lysis was calculated as: 100 pdermental cpm - spontaneous cpm)/ (maximum

cpm - spontaneous cpm).

FLOW CYTOMETRY

IGROV-1 cells were exposed to Cetuximab y@m) for 72 h or left untreated, collected and
incubated for 30 min at 4°C with anti-MICA, -MICBULBP1, -ULBP2, ULBP4, -CD112, -
CD155, -ICAM-1, and HLA-E antibodies (R&D SystenMinneapolis, MN. USA), followed by
incubation with anti-mouse Alexa Fluor 448- conjiggh reagent (Invitrogen). Samples were
analyzed by gating on live cells using FACSCantsyitem (Becton-Dickinson, San Jose, CA) and
BD FACSDiva™ software (Becton-Dickinson). EGFR esgsion levels on IGROV-1 cells were
determined after incubation for 30 min at 4°C wiatbtuximab (1Qug/ml), followed by incubation

with anti mouse Alexa Fluor 448-conjugated antib@idyitrogen).
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PHAGOCYTOSIS ASSAY

Macrophage antibody-dependent cell-mediated phagsisy (ADCP) was assessed by flow
cytometry (404). Murine RAW?264.7 effector cells weéabeled with PKH26 (Red Fluorescent Cell
Linker Mini Kit), while IGROV-1 target cells wereabeled with PKH67 (Green Fluorescent Cell
Linker Mini Kit) according to the manufacturer’'ssinuctions (Sigma). IGROV-1 cells were then
seeded in tissue culture flasks and exposed toax@edb (5ug/ml for 72 h) or left untreated. At the
end of treatment, target and effector cells weneedhiat E:T ratio of 3:1 in complete medium and
incubated for 12 h at 37°C in overload conditiohgsnmnoclonal antibody (1Qg/ml). Cells were
collected, washed, resuspended in col&€and Md" -free Dulbecco’s PBS and analyzed by flow
cytometry (FACSCanto I, Becton- Dickinson). Phagosis of IGROV-1 cells by RAW264.7
cells was evaluated in triplicate as percentage iatehsity of macrophages positive for green

fluorescence in at least three separate experiments

THERAPY STUDIES

IGROV-1 human ovarian carcinoma cells were adafiegtowth i.p. and maintained by serial i.p.
passages of ascitic cells into healthy mice asribest ). Mice were injected i.p. with 2.5 x 106
ascitic cells in 0.2 ml of saline and treated ysdkter, when ascitic fluid began to accumulate,
with CpG-ODN i.p. daily for 4 weeks (20y/ mouse) in combination with: Bevacizumab (5 mg/kg
i.p. at 3—4 day intervals); Poly(l):Poly(C) (2@/mouse i.p. at 2-3 day intervals); Gefitinib (100
mg/kg per os, 5 days/ week); or Cetuximab (1 mgseop. at 3—4 day intervals). Single agents
were also included and control mice received salimether experiments, mice with evident and
established ascites were selected on the basisiafiar body weight (mean 27.9 £ 0.84 g, 31.4 +
0.9 g, first and second experiment, respectivelynflarge groups of mice injected i.p. 11-12 days
before IGROV-1 cell injection and randomly dividéato saline-treated (controls) and groups
treated with CpG-ODN, Cetuximab (both with the sbiles reported above) and Cisplatin (3
mg/Kg i.p., once weekly for 4 weeks) or their condiions. Experimental groups (5-12
mice/group) were inspected daily for ascites foramatind weighed three times weekly. Mice were
individually sacrificed by cervical dislocation prito impending death. Day of sacrifice was
considered day of death, and the median day ohdeatdian survival time; MST) was calculated
for each group. Anti-tumor activity was assessethagatio of MST in treated vs. control mice x
100 (T/C%).
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STATISTICAL ANALYSIS

The clinical impact on overall survival (OS) andné to relapse (TTR) in GSE27290 and
GSE25204, respectively, was assessed by the Kapdaer method, and differences between
curves were compared using a non-parametric (Iog)rdest, with hazard ratios and 95%
confidence intervals also computed. GraphPadPrisniGraphPad software, La Jolla, CA, USA)
was used for statistical analyses. Percent sursivprwas estimated by the Kaplan-Meier product

limit method and compared with the log-rank test.
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RESULTS
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1. miRNAs MEDIATE THE INCREASE OF SENSITIVITY TO
CHEMOTHERAPY AFTER TREATMENT WITH CpG-ODN

The results shown in this thesis represent theirnaation of the studies on the anti-tumor activity
and mechanism of action of oligonucleotides comagirCpG-ODN sequences, which are TLR9
agonists.

As previously reported, in laboratory where | coctéd my thesis, Sommariva et al. showed in a
mouse model of human IGROV-1 ovarian cancer tlegtinent with a CpG-ODN down-modulated
DNA repair genes in the tumor cells. Human IGROYé€lls cannot interact direct manner with
CpG-ODN due to the oligonucleotide’s species spatyfand to the lack of TLR9 expression in
this cell line, raising the possibility that pentoral TLR9-expressing cells, such as innate immune
cells, and/or endothelial cells, fibroblasts andtheghial cells, induce down-regulation of DNA
repair genes in tumor cells through a direct cell4ateraction and/or by secreting soluble factors
Based on these findings, one could assume thatepsted inFigure 21, CpG-ODN induced
down-modulation of DNA repair genes in tumor cetigght represent a physiologic phenomenon
that occurs locally in the presence of an infedi@vent Figure 25. When was detected an
infectious agent via endosomal TLRs, immune celghinnduce modulation of DNA repair genes

in infected (or transformed) cells to facilitateithdeath (405).
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Figure 25. Hypothesized mechanisms of action of Tl-expressing cells in modulating DNA repair genesirdy
infections. (A) TLR9positive cells upon detecting an infectious agegulate DNA repair genes to decrease 1
susceptibility to proapoptotic signals a(B) induce modulation of DNA repair genes in infttcells (C) to facilitat
their death.

Among the most relevant regulators of gene exprassnicroRNAs have been recently descri
as crucial players in most physiological and patbmal conditions.

More than 1,200 human miRNAs have been identified @alidated to datewww.mirbase.ory

mMiRNAs can regulate about oti@ird of the human genome, with involvement in depenent anc
progression of many disease®§—409), indeed several experimerdad clinical findings ha\
implicated miRNAs in the response to chemother(409), demonsating a role for miRNAS i
modulation ofgenes involved in DNA repa(410,411).

Presumably, miRNAs evolved to allow organisms aelsdo effectively deal with stres(412).
Identification of mIRNASs that are used “physiologily” to modulate DNA repair genes may he
therapeutic implications. To this aim, usiour preclinical model IGROV-lwe analyzed the effe
of CpG-ODN on modulation of miRNAs in tumor cells, thedgtation of miRNA with mRN#
expression modulation induced by C-ODN, and the importancaf the identified miRNAs for th
response to chemotherapy.
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2. miRNAs EXPRESSION IN IGROV-1 OVARIAN TUMORS

FROM CpG-ODN-

TREATED MICE

MIRNA expression, using lllumina human miRNA_v2arrwas conducted with RNA extracted

24 hours after the final treatment from omentumeasdht tumors of human IGROV-1 ovarian

carcinoma-bearing mice treated i.p. with CpG-ODNsaline beginning 3 days after evidence of

ascites. Among the 1145 miRNAs represented on Hoeniha chips, 567 mature miRNAs

annotated on miRBasel2.0, along with 150 putatii@NAs, were detected. Class comparison
identified 23 miRNAs showing a FDR< 0.1 and a folthknge> 1.8 between CpG-ODN- and

control-treated miceHigure 26).
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Figure 26. miRNA expression profiling in IGROV-1 ovarian tons from CpG-ODN-treated athymic mice. Heat-map
of 23 modulated miRNAs with FDR< 0.1 and fold chend..8 in CpG-ODN versus saline-treated mice. Amiweg20
miRNAs belonging to miRBase12.0, 16 were down- 4ng-modulated in CpG-ODN-treated mice (red: upstaigd
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miRNAs; green: down-modulated miRNAs). Columns amavs represent samples and miRNAs, respectively.
doi:10.1371/journal.pone.0058849.g001

Among the 23 miRNAs, 20 (16 up-regulated in salinad 4 in CpG-ODN-treated mice) were
annotated on miRBase12.0. The other three miRNAs wetative miRNA sequences derived from
deep-sequencing approaches and were excluded frothef analysis due to the lack of
information.

Results of microarray analyses were validate byntjizdive Real-Time PCR (RT-gPCR)
examining the expression of the 9 miRNAs on the Riéfiled in microarray analysis and on the
RNA extracted from tumor samples obtained from@ica of the IGROV-1 tumor-bearing mice
treated as above described. Two miRNAs, the hsadfilRand hsa-miR-18b, were selected based
on their reported role in the pathogenesis of evadancer (413,414), and two, the hsa-miR-101
and has-miR-302b for their described involvementDINA repair processes and sensitivity to
chemotherapy (401). The remaining 5 miRNAs wereloamy selected. While RT-gPCR using the
RNA profiled in microarray analysis validated aliBRNAs (Figure 27), RT-qPCR using the RNA

of the replica confirmed 6 of 9 miRNAs (p<0.05)trend was observed for hsa-miR-18b and hsa-
miR-101 but not for hsa-miR-13€igure 28).
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Figure 27. gRT-PCR validation of CpG-ODN miRNA profile. Coanson of hsa-miR-18a, hsa-miR-18b, hsa-miR-
140-5p, hsa-miR-101, hsa-miR-556-3p, hsa-miR-424-hiR-136, hsa-miR-340, hsa-miR-302b expressidaiméd
by miRNA expression profile and gRT-PCR on tumosfiected from human IGROV-1 ovarian tumor-bearinigen
treated daily i.p. with CpG-ODN or saline (contgrioup). P values of differential expression between con&od
CpG-ODN-treated IGROV-1 xenografts are reportedT-6FRCR data are plotted a&Gt and array data are plotted as

log, (expression).
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Figure 28. Independent biological validation of CpG-ODN miRNwofile. miRNA expression was assessed by RT-
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gPCR on IGROV-1 xenografts collected from a repti€a previous experimen897). RT-gPCR data are plotted as 2-
ACt. P-values were calculated using two-tailed Sttide-test.
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3. UP-MODULATION OF hsa-miR-302b IN IGROV-1 CELLS
ENHANCED CISPLATIN ACTIVITY

As previously reported, TLR8xpressing cells in the tumor microenvironment samsiti.e cancer
cells to DNA-damaging iSplatin treatment by dov-modulatingDNA repair gene. To evaluate
whether miRNAs modulated by C-ODN treatment are involved ithe sensitivity to DNZ
damaging agents, the 3 most significantly diffeisdlyt expressed miRNAs in tumor samp
obtained fron the replica of the in vivo experiment (-miR-424, hsa-miR340 and hs-miR-302b)
were examined. Hsa-mi&24 and hsmiR-340 were found dowregulater by CpG-ODN
treatment in our mRA expression profile, while h-miR-302b was upegulatec A gain- or loss-
of-function phenotypevas applie in order to mimic the up- or dowmodulation obsend in
MiRNA profiling (see Figure 25

To down-regulate thexpression chsa-miR-340 and hsa-miR-424, IGRQ\ells were trasiently
transfectedwvith the respective LNA inhibitors or with a LNA gative control, where IGROV-1
cells were transfected with heaR-302b precursor molecule or a scrambled oligonuicle, as
control, to increase expression of FmiR-302b. After 72 hours to transfeon, cells were then
treated with 50 mM of Gplatin for 1 h. /ter 24 h the percentage of s@i- cells, an indicator ¢
cell death, waanalyzed by FAC.

Evaluation of the effect ohsemiR-340 and hsa-miR-424 dowegulation on sensitivity to
Cisplatin of IGROVA1 cells revealeno increase of cell deatRigures 2A and 29B).
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Figure 29. Down+egulation of expression of -miR-340 (A) and hsa-miR-424 (B) nehhanc Cisplatin sensitivity
in IGROV-1. Hsa-miR-340 LNA/hsaiiR-424 LNA - and scramblettansfected cells afterisplatin treatment not
shown an increase of percent cell death. IGI-1 cells were transfected with 50 nmol/l -miR-340 LNA/hsa-miR-
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424 LNA or LNA control, and 72 h later, exposedctsplatin (50 mM) for 1 h. Cell viability was asses 24 h after
cisplatin treatment by propidium iodide stainingldlow cytometry.

the increased expression of hsa-miR-302b signifigaanhanced Cisplatin cytotoxicity, with an
increase of cell death ranging from 26.5 to 43.%/c@mpared to negative scrambled-transfected
cells >0.0001;Figure 30A), these experiments were repeated 6 time in inttkp® manner. The
transient transfection with hsa-miR-302b precursotecule and control in IGROV-1 cells has not
shown significant differences in cell growthigure 30B). This result excludes the possibility that

hsa-miR-302b sensitized cancer cells to Cisplatistimulating cell proliferation.
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Figure 30. Forced expression of hsa-miR-302b increased Qispansitivity in IGROV-1 cells without affectinggll
proliferation. (A) Percent cell death of hsa-miR2BO and scrambled transfected cells after Cisplagatment.
IGROV-1 cells were transfected with 50 nmol/l hs&Rf802b precursor molecule or scrambled contrad, @2 h later,
exposed to Cisplatin (50 mM) for 1 h. Cell viabjilitvas assessed 24 h after Cisplatin treatment dyigium iodide
staining and flow cytometry. Data represent me&E® of 6 independent experiments. ***p,0.0001 byrgxh t-test.
(B) Evaluation of cell proliferation by SRB assdyansfected cells were seeded in a 96-well plagdgnsity of 1%
1.5x1G, and 2x16 cells/well. Cell growth was assessed by opticaisity (OD) determination 72 h after transfection.

Data represent mean 6 SEM of 3 independent expetime
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4. HDAC4 IS DIRECTLY TARGETED BY hsa-miR-302b IN
IGROV-1 CELLS

Because miRNAs might play important regulatory soleodulating the expression of their
predicted target genes, we searched for expressaiterns regulated following CpG-ODN
treatment by integrating the miRNA and mRNA expi@sprofiles. Class comparison of whole
gene expression, identified by lllumina HumanHT12 beadchips using the same tumor extracted
RNA assessed for miRNA profile, revealed 215 geatifferentially expressed; 141 up-regulated in
saline- and 74 in CpG-ODN treated mice (FDR< 0.8 &wld change> 1.8). We used freely
available tool MAGIA 400 to identify functional miIRNA-mRNA relationship&pecifically, the

20 miRBase-annotated miRNAs were altogether conapareéhe whole-expression profile dataset
using the union of three prediction target alganish(Pita, miRanda and TargetScan) available on
MAGIA. The Pearson’s correlation between each miRBAd its predicted target was then
computed. Using Cytoscope the first 250 most siggitly negatively correlated miRNA-mRNA
interactions were identified, as a network. As shaw Figure 31, evidence of the concerted
interplay of miRNAs regulated by CpG-ODN and theatential target mMRNAs was observed for
hsa-miR-302b and hsa-miR-374b, which are up-regdlat CpG-ODN-treated mice, and for 13
MiRNAs up-regulated in saline-treated mice (hsa—h#8a, hsa-miR-136, hsa-miR-340, hsa-miR-
445-5p, hsa-miR-424, hsa-miR-96, hsa-miR-142-3p;M8k-140-5p, hsa-miR-542-3p, hsa-miR-
18a, hsa-miR-18b, hsa-miR-101, and hsa-miR-99ag [alter 13 form a highly interconnected

cluster where different miRNAs exert their biolaglifunctions targeting the same genes.
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Figure 31. Computational integration of miRNA and gene expi@s profiles of tumor samples from CpG-ODN- and
saline-treated mice. Network between 15 of 20 difiéially expressed miRNAs and their anti-corredati@rget genes.
The top 250 interactions were used to generataghgork using the MAGIA tool.

Among the 19 genes potentially targeted by hsa-8URb as determined using MAGIA (q value<
0.1, Table 7), HDAC4, one of the top anti-correlated mMRNAs, wagluated as a potential

molecular target of hsa-miR-302b associated witpa@ase to chemotherapy.
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Table 7

Entrez ID Gene Symbol miR Pearson cortel q value

2817|GPC1 hsa-mir-96 -0.989906 0.007708444
26052 DNM3 hsa-mir-455-5p -0.985952 0.013812435
92370 ACPL2 hsa-mir-18b -0.983891 0.013814912
7756| ZNF207 hsa-mir-18a -0.982795 0.013814912
23328 SASH1 hsa-mir-101 -0.982131 0.013814912

9759 HDAC4 hsa-mir-302b -0.928993 0.024311363
3908| LAMA2 hsa-mir-542-3p -0.928964 0.024311363
87| ACTN1 hsa-mir-374b -0.928388 0.024400169
1525/ CXADR hsa-mir-18a -0.92831 0.024400169
401548 SNX30 hsa-mir-96 -0.92819 0.024407453
57695/ USP37 hsa-mir-302b -0.927045 0.024727786
58476/ TP53INP2 hsa-mir-142-3p -0.926939 0.024727786
51218 GLRX5 hsa-mir-140-5p -0.925766 0.025173524
90441 ZNF622 hsa-mir-424 -0.925513 0.025216943

We focused on HDAC4, gene that belongs of the hestdeacetylase family, since it encodes a
protein that reportedly mediates Cisplatin sengjtivn ovarian cancer. Resistance to platinum
chemotherapy continues to be a major complicatiaheé treatment of ovarian cancer. HDAC4 was
found over-expressed in clinically resistant celled considerably potentiated Cisplatin response
when it was silenced. Indeed, following knockdownHIDAC4, apoptotic response to platinum
treatment in resistant cells was significantly evdesl (415).Forced hsa-miR-302b expression in
IGROV-1 cells decreased HDAC4 mRNA and protein leEigures 32 A and 32B, supporting
the interaction analysis data. Luciferase repodssy was than performed to determine if the
down-modulation of HDAC4 after miR-302b over-exmies was a consequence of a direct
interaction between the miRNA and the mRNA of HDACT#$ this aim, the target site of miR-302b
was identified within the HDAC4 3'UTR according T@rget Scan databadeiqure 32C) and the
matching site was cloned into pGL3 reporter plas(Ricbmega) downstream the luciferase gene,
and the activity detected by a renilla/firefly diiatiferase assay. When the reporter vector
containing the HDAC4 3'UTR was co-transfected irRIGV-1 cells with miR-302b precursor or a
scrambled oligonucleotide as control, enforced BiRb over-expression was found to decrease

luciferase activity as compared to scrambled texistl cells (~50% reduction, p=0.00&8gure
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32D), whereas mutated HDAGCZUTR escaped this inhibitior-{gure 32E). These data indicate
the direct effect of hsa-miR62b on HDAC4 gene expressi
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Figure 32.Targeting of HDAC4 in IGRO-1 cells by hsa-miR-302b. IGROY<cells were transfected with 50 nmc
hsa-miR302b or a scrambled oligonucleotide and RNA andgime were collected after 72 h. HDAC4 mRNA le\
were evaluated by RFPCR (A) and protein exession was evaluated by Western blot (B). GAPDH wsexd tc
normalize protein loading per lane. Data are repriegive of 6 independent experiments with supessaple results
(C) Schematic representation of the interactionvbeh hs-miR-302b and the bindgnsite on the wil-type HDACA4-

3'UTR and the mutated control. (D) Relative luciferastivty in IGROV-1 cells for HDAC~3'UTR-wt co-transfected
with reporter vector and with hsa-mi#®2b precursor molecule or negative scrambled obfdar 48 h. (E)Relative
luciferase activity in IGROVE cells for HDAC~3'UTR-mut cotransfected with reporter vector and with -miR-

302b precursor molecule or negative scrambled obfur 48 h

Since IGROV1 lack TLR9 expression, the effect of C-ODN on tumor cells is necessar
indirect, likely to be exerted on components ofithenune systenmAn increasing body of eviden:
underlines how miRNAs can be released in body $luespecially associated to microvesci
(MVs) as exosomes (41,)robabl as a mechanism of information exchange betweeardiit cell
types and tissue districts in the orgar (417). Moreover, since matihuman and murine m-

302b have identical sequencesature mifNA detected as increased in IGROV1 xenograft L
CpG-ODN treatment mighibe of murin origin.This observatiorraised the intriguin idea that
CpG-ODN might act on TLR9 positi immune cells inducing upegulation of mif-302b, which
could bereleased in ascitic fluid associated to MVs, r probably throughendocytosis into

IGROV1 cells, where iinduces increased response isplatin by HDAC4modulation To explore
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this hypothesis @ have analyzeprecursor (pre-miR-302b) and maturenf-miR-302b) forms of
the microRNA bothin spleens nd tumors from CpG-ODN treated mic& strong significant
increase of murine pre-miRNA£6.92 E-05) upon treatment was obseniadpleen, even though
paralleled only by anoderate increa of mm-miRNA (p=0.0336), wheredsiman pre-miRNA in
IGROV-1was undetectable, despite the increasmm-miRNA (Figure 33). As a positive control
for human pre-miR-302b rpbe human PBMC werdreated with human Cp-ODN reveling
increased levels of pre-miBA2L. The fact that human pre-miRN#eems undetectable in IGR+-1

whereas the murine form is induced in spleen upp@-ODN treatmentsupports the hypothe

revealed in tumorthat the mature form has ectopic ori

A B
pre-miR-302b mm-miR-302b
S o | .
== ——
S - S
g p=6.92E-05 = p=0.0336

CpG Untreated

CpG

Untreated

Figure 33. Analysis of precursor (presR-302b) (A) and mature (mm-miR-302b) (Brms of the miRNA in spleen
from CpG-treated and untreated mipg RT-gPCR. A significant increase of murine préRNA upon treatment we
detected in spleens (p=6.92 E-O@hile was observed a modest increase o+-miRNA (p=0.0336. RT-gPCR data
are plotted as ACt. Pvalues were calculated using i-tailed Student’s t-test.

92



5. CpG-ODN-MODULATED miRNAs AND OVARIAN CANCER
PATIENTS’ CLINICAL COURSE

The impact of expression levels of all 20 differally expressed miRNAs, including those for

which validation was not carried out on the clihicaurse of ovarian cancer patients undergoing
chemotherapy, was evaluated in silico. The timeetapse (TTR) and overall survival (OS) with

respect to each miRNA on two public datasets (G2B25and GSE27290) (402,403) were
analyzed. Patients were stratified according toMARexpression below (low expression) or above
(high expression) the median expression value.dgnBli’s dataset (403), Kaplan-Meier analysis
showed that patients with low expression of hsa-80Rb or with high expression of hsa-miR-340
had a shorter TTR (log-rank, P= 0.037; HR=1.75, 95P061.03-2.95 and P= 0.047; HR=1.7, 95%
Cl: 1.01-2.86, respectivelyFigures 34Aand 34B). Median TTR was 11 and 25 months for low
and high expression of hsa-miR-30Zkigure 34A), and 26 and 12 months for low and high
expression of hsa-miR-340, respectivéfiyglre 34B). In Shih’s dataset (401), only the expression
of hsa-miR-302b was significantly associated to({0§-rank, P = 0.034; HR= 2.02, 95%CI: 1.05—
3.88), with a median OS of 33.7 and 101.2 monthsldw and high expression, respectively
(Figure 34C). In both datasets, the impact of the other 18MAR expression was not significantly

associated to TTR or OS.
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Figure 34.In silico evaluation of ovarian cancer patientshiclal course according to -miR-302b and hsa-miR-340
expression levels. Kaplavieier survival curves of patients stratified acéogdto hsi-miR-302b expression (A) and
has-miR-340 expregm (B) on GSE25204 and referred to TTR. (C) Ka-Meier survival curves for h-miR-302b
expression on GSE27290 and referred to OS. Patierts dichotomized using median expression astible.
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6. EFFICACY OF CpG-ODN IN COMBINATION WITH
DIFFERENT AGENTS

TLR agonists, alerting the host to invading patmsgere included in the National Cancer Institute
list of immunotherapeutic agents with the highesteptial to cure cancer in light of their
immunostimulatory activity (418,168). However, whikextensive preclinical and clinical data
indicate the ability of TLR agonists to promoteitumhor immunityin vivo, their low efficacy in
some Phase lll studies has delayed further devedapof several TLR agonists for cancer therapy
(169). With the exception of Imiquimod, a synthelicR7 agonist topically applied to treat basal
cell carcinoma, most clinical trials have involvedbcutaneous (s.c.) administration of TLR
agonists since this route was reported to effelgtizetivate adaptive immunity (170).

Several immunoadjuvants, including RNA and DNA agal have been developed as anti-cancer
drugs, one of which is Poly(l):Poly(C). This syrtibeanalog of double-strand RNA (dsRNA),
displays antitumor functions and is currently usexl an immune adjuvant in clinical trials.
Poly(l):Poly(C) has been confirmed as an agonistalflike receptor-3 (TLR-3) and retinoic acid-
inducible gene I-like receptors (RLRs). Poly(l):A@) initiates multiple signal pathways in
different tumor cells by triggering TLR3, RIG-I, aviDA-5, including NF«xB and IRF3/7
pathways, and generates effectors, such as painihtory factors and type | IFN. Furthermore,
Poly(l):Poly(C) directly induces apoptosis in tumeells via intrinsic and extrinsic apoptotic
pathways. An additional important effect in manypdyg of cancers is the synergistic effect of
Poly(l):Poly(C) in combination with other cytokines chemotherapeutics (419).

A therapeutic effect on bulky disease appears dqaire locoregional treatment and also frequent
multiple administrations. However daily i.p. adnsitnation of CpG-ODN induced a significant
increase of survival-time but no cure of a singleuse, in our preclinical modeddeFigures 18A
and 18B). Markedly elevated peritoneal VEGF levels carplesent in malignant ascites of ovarian
cancer patients (390), and blocking of VEGF haslreported to strongly reduce ascites volume
(391). Bevacizumab is a recombinant humanized monatIgG1 antibody that targets vascular
endothelial growth factor (VEGF)-A, and is indichten the treatment of metastatic colorectal
cancer, non-small cell lung cancer, renal cell icama, and glioblastoma multiforme (420-423).
This antibody binds to and neutralizes all bioladlic active forms of VEGF-A, and then
suppresses tumor growth and inhibits metastatieadis progression (424). The utility of VEGF

antibodies in the treatment of ovarian carcinoma wgtially explored in animal models, where
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VEGF blockade was shown to inhibit ascites formatimd slow tumor growth (425). In addition,
VEGF-targeting agents are thought to enhance tfeetefof chemotherapy by normalization of
primitive tumor vasculature, leading to decreasetérstitial fluid pressure, increased tumor
oxygenation, and enhanced delivery of cytotoxi@qdr(#26).

It was recently demonstrated that CpG-ODN treatniethices modulation of genes involved in
DNA repair and sensitizes cancer cells to DNA-dam@gisplatin treatment.

In mammalian cells repair of DNA damage appearset@ontrolled also by the epidermal growth
factor receptor (EGFR). This is considered to beegpecial importance for tumor cells, since
several tumor entities are characterised by a antat over-expression of EGFR (427,428). This
trans-membrane tyrosine kinase receptor, whichngsldo the ErbB-family, is primarily located in
cell membrane and is activated by ligands suchpatesmal growth factor (EGF), amphiregulin,
TGF-0 but also by irradiation (429,430). Ligand bindilepds to dimerization, which induces
several down-stream signal cascades. The most peotnEGFR dependent signal cascades are the
Ras/Raf/MEK/ERK dependent MAPK cascade, the PI3lgeddent AKT kinase cascade, the
JAK/STAT and PKC dependent signalling (429). Usthgse pathways, EGFR is considered to
modulate cell proliferation, differentiation as wak apoptosis but also DNA repair (431). The
modulation of DNA repair is suggested especiallyotwur for radiation-induced DNA double-
strand-breaks (DSB). There was an increase in timebar of residual DSBs as detected by the
number ofy-H2AX foci measured 24 h after irradiation, whenEGsignalling was blocked either
by tyrosine kinase inhibitor Gefitinib or the motatal antibody (mAB) Cetuximab (432,433).
Gefitinib is a selective EGFR (ErbB1) tyrosine kinase inbibi(434) and can also inhibit the
growth of some ErbB2-overexpressing tumor cellg.(breast cancer) (435). Autophosphorylation
of EGFR was prevented in various tumor cell linesl xenograft models by Gefitinib. It is
speculated that upregulation of p27 via EGFR kingsebition results into inhibited cyclin-
dependent kinase activity and arrest in the G1 cgllle phase and it also inhibits tumor
neoangiogenesis (436).

Cetuximab is a chimeric Ig@nonoclonal antibody directed against the ligandding domain of
the epidermal growth factor receptor. The proposesthanisms for this monoclonal antibody
include reducing tumor cell proliferation, angiogsis, increasing apoptosis; cell cycle arrest and
DNA repair capacity (437). Human ovarian carcinoregsress EGFR to varying degrees (438) and
the staining of IGROV-1 with Cetuximab revealedtttds monoclonal antibody is able to bind the
membrane surface of IGROV-Eigure 35).
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Figure 35. Flow cytometric analysis of IGROV-1 surface exgmien of EGFR. Cells were stained with cetuximab
(black line, panel B), and with anti-CD20 rituximabtibody as isotype control (grey histogram).

Therefore it was screened the effectiveness of OBt in combination with:

1) MAb Cetuximab, which targets the ligand-bindidgmain of the epidermal growth factor
receptor (EGFR) frequently expressed in ovariarceaoells (438);

2) Gefitinib, a tyrosine kinase inhibitor of EGFR,

3) the Poly(l):Poly(C) TLR3 agonist, which repoitethduces a synergistic effect when combined
with TLR9 ligand by mediating an enhanced activatd innate immunity (444);

4) MAb bevacizumab, which targets the vascular #m@l growth factor (VEGF). VEGF is
reportedly overexpressed in ovarian cancer (439;4d4dd VEGF-regulated angiogenesis is an

important component of ovarian cancer growth (442)4

To evaluate the efficacy of CpG-ODN in associatiath Poly(l):Poly(C), Bevacizumab, Gefitinib
(Iressa) or Cetuximab, mice were injected i.p. v@th x 1§ IGROV-1 (which express EGFR,
Figure 35) cells in 0.2 ml of saline and treated startinga§ys later when mice showed an increase
of body weight without an evident and establishecitas.

Repeated i.p. CpG-ODN treatments plus Poly(l):RDlygvas not able to induce a significant
superior effect on Median Survival Times (MST) @®ys with Percent of Treated/Control (T/C%)
of 325) compared with CpG-ODN treatment alone (&fsgd T/C% 305), and only 2 of 9 mice from
the combined treatment group showed long-term gakat the 126 day when the experiment was
stopped Figure 36). Those results were not in accordance to previobiservations witch

demonstrated a clear synergy between the two immnatkilators (444); this could be possibly due
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to the schedule of CpG-ODN administration. Indedadly CpG-ODN administration might induce
considerable innate cell activation hardly expahelély other immune modulators.

As also shown irfrigure 36, repeated i.p. CpG-ODN treatments plus anti-VE@Wa&izumab also
did not improve the effect of CpG-ODN treatmentn@ldMST 56 days for the combination vs 62
days for CpG-ODN alone). Of note, the therapeudéndiit versus control mice observed in mice
treated with Bevacizumab alone, might be due, atlen part, to the ability of this monoclonal
antibody effects to control ascites formation; atfan mice treated with the anti-VEGF antibody as
a single treatment, we observed an inhibition eftas production. Those evidences are consistent
with recent preclinical and clinical data and swgjog that targeting VEGF might suspend ascites
production resulting from peritoneal metastasi$j44

The addition of the EGFR tyrosine kinase inhibi@efitinib (Iressa) to repeated i.p CpG-ODN
treatment induced a slight but not significant @age in lifespan versus mice treated with CpG-
ODN alone, (MST 67 days for the combination vs B%sdfor CpG-ODN alone, p =0.4099). In
contrast, a dramatic increase on survival was obsgeon mice treated with CpG-ODN plus
Cetuximab versus those treated with CpG-ODN aldM&T: 86 days combination, 29 days for
Cetuximab alone; 62 days for CpG alone; P = 0.Gfab8bination versus CpG-ODN alone), with 4

of 8 mice still alive at the end of the experiment.

98
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Figure 36. KaplanMeier plot of percent survival over time among IG¥&-1 ovarian tumc-bearing mice. At 7 days
after tumor cell injection, mice were treated iypith CpC-ODN (20 pg/mouse, 5 days/week for 4 weeks)
combination with: Poly(l):Poly(C) (2(ug/mouse at 2- to 8ay intervals); Bevacizumab (5 mg/Kg & to 4-day
intervals); Gefitinib (100 mg/mouse, 5 days/week)Cetuximab (1 mg/mouse a- to 4-day intervals). Singlagents
were also tested. Control mice received saline.mlimber mice/grou

Different factors probably agrder these impressive results. This synergisticatfie certainly dut
to the capacity of Co®@DN to recruit and activate immune effectors cellsthe site of tumc
growth. Specifically, we performed our experimentth nude mice models, in whitNK cells and
macrophages are the predoamt immunological populati; also, those cells are reported to
much more biologically active when target cell’digens have been bound by specantibodies
exherting their cytotoxic activityhrough antibodydependent cell cytotoxicity (ADCC
To investigate whether treatment witretuximab increased the susceptibility of IGR-1 cells to
ADCC, cells were pre-treatagith Cetuximab (ng/ml) for 72 hours, before their use as target:
ADCC assay, conducteditiv saturated concentration oetuximab (1@g/ml) and using as effect
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cells PBMC from 12 healthy donc (Figure 37). Additionally, as EGFR modulates a variety
downstream signaling patlays, such as MkB, PI3K, MAPK, and PKC pathways446,447),
inhibition of these pathways byetuximab may lead to an increase susceptibilitiuofor cells tc
the effector cells, such as NK cells, macrophagestrophils, involved in tumor eradication
nude mice.Therefore, those impressive results obtained inmioe tumor model in which tt
antibody alone had slight effect, might be alsoatel to aCetuximal-induced increase
susceptibility of tumor cells to Cf-ODN-activated effector cells involved ADCC (438,444).

% of specific 51Cr relea
[ -3 <N
¢ CD
V %

IGROV-A1 IGROV-1
Untreated Cetuximab
pretreated

Figure 37.Comparison of ADCC activity untreat- and —cetuximab pretreated IGRC cell line, using PBM
from 12 separate donors. IGRAWvere the targets. Effec : target ratio was 50 : 1.

Not increased death ine@iximal-pretreated tumor cells comparedutttreated cells was observ
BecauseHER signaling in tumors regulates expression of Mi@nd MICB, key ligands the
promote NK cellmediated recognition and cytolys(448), and because EGFR inhibitors enha
susceptibility to NK cellmediated lysis by modulating expression of the NRG@and ULBF-1
(448-450), we testeavhether Cetuximabreatment of IGROVE cells modulates expression
molecules involved in NHKnediated lysis MICA, MICB, ULBP1, ULBP2, ULBP4, CD11z
CD155, ICAM-1 and HLAE). FACS analysis ctumor cells pretreated with Cetuximab (5 pg/
for 72 hdid not reveal any typof modulation but in some cases d-modulation of these

receptorsKigure 38).
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Figure 38.Expression levels aholecules involved in N-mediated cytotoxicityn IGROV-1 cancer cell line aft
cetuximab pretreatment. (p<0.05)

We then investigated if €uximab treatment would make IGR-1 cells more robustl
phagocytosed by macrophages. To this aimcarried out cytofluorimetric analyses examin
engulfment of PKH26-staineahouse leukemic monocyte/macrophdg@wW 264.7 cell (red) that
had been caultured for 4 and 12 with PKH-stained human IGRO\-cells green) pre-treated or
not with Getuximab (final concentrationug/ml). Also this experiment has been carried ou
overload monoclonal antibody cdition (final concentration of €&uximab 1ug/ml). The results
shown in theFigure 39 demonstrated thatetuximab preexposure greatly increases macropl-
mediated phagocytosis of IGR(-1 ovarian tumor cells, as indicated by the sigaificincrease ¢
the percentage of double i RAW 264.-IGROV-1 in the @tuximab pr-treatment group cells

to untreated IGRO\: group. In particular, at 12 hours tumor cell inpmration was greater thar
hours.

101



a1 [+
L ] 12.5% 20.1%|

PKH26

az
Ly YR 35.6%

v

PKH67

Figure 39. Effect of Cetuximab préreatment on phagocytosis of IGR-1 cells. IGROV1 target cells were stained
green with PKH67 (A, right lower quadrant) and RABYZ7 effector cells were stained red with PKH26 I, upper
guadrant). Tumor targets were pneubated for 72 h with ug/ml Cetuximab (F,G,H) or left untrea: (C,D,E). At the
end of treatment, target and effector cells wergerhiat effector/target (E/T) ratio of 3:1 in contplenedium an
incubated for an additional 12 h in overload candi of monoclonal antibody (lug/ml). The percentage double-
positive cells present in the upper right quad(gonadrant Q2) of the dot plots represents the péage of RAW264.
cells phagocytosing greestained tumor cells. Data were obtained in triggcand are representative of one of tt
experiments with similar results.

In vivo experiments reported above h been conducted in mice with an early tumor staigetisg
treatment 8 days after tumor cell injection wherenshowed an increase of body weight witt
an evident and established ascites. Unfortunaéelyanced tumor disease in humans is often r
less responsive than limited disease to mos-cancer therapies. To this aim, we then evaluif
the double combination of C|-ODN and Cetuximab added to another molecular agemid
further increase it's therapeutic effec advanced-stage human oaa tumor bearing mouse,
which ascitic fluid formed 11 days after tumor cell irtjea and mice showed evident abdomi
volume increase,

EGFR inhibitors are repatl to interact with Cisplatir(451-454) although their effect o
sensitivity to thigdrug remains undefined; also, we recently repdtiedsynergistic antitumor effe

between CpG-ODN ah Cisplatin (397). Keeping those evidences in m, we investigated the
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therapeutic effect of the combination of C-ODN, Cetuximab and Cisplatin in miselected for
evident and established ascites from a large gobupice injected i.p. 11 days before with IGR-

1 cells (mean body weight £ SEM 27.9 + 0.84 g vd0Q3t 1.08 g before tumor cell injectic
increased body weight = 4.9 g). Mice were randadivided into different groups and treated w
saline, Cisplatin, Cp@DN plus Cetuximab, Cp-ODN plus Cisplatin, Cetuximab plus Cisplai
and CpGODN plus Cetuximab and Cisplatin. Sa-, Cisplatin; or Cetuximab/Cisplat-treated
mice were euthanizednodays 13 to 36 after tumor cell injection (MST B3 and 18.5 day
respectively), CpG3DN/Cetuximal-treated mice were euthanized between da-—104 (MST 66
days; T/C% = 412.5), while 7 mice treated with titigle combination were euthanized on day—

109, with 3 still alive at the end of experimenhus, survival was significantly increased (M
105.5; T/C% 659.37; P = 0.001) compared with ~-ODN/Cetuximabtreated miceFigure 40A).

Similar analysis in mice bearing even more advarstage ascitesmean body weight + SEM 31
+ 0.9 g vs 24.89 + 0.68 g before tumor cell injestiincreased body weight = 6.51 g) wed that
the CpG-ODN/CetuximalYisplatin combination still increased survival (M8%;T/C% 250, =

0.0089 vs controls)Higure 40B). Note that 6 days after the start of treatment, 6 oflbhe-treated

mice became moribund and were sacrifi
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Figure 40. KaplanMeier plot of percent survival over time in advad-stage IGROVL ovarian tumc-bearing mice.
(A) Mice selected for the presence of evident astdl#ished ascites from a large group of mice tejé.p. 11 day:
before with IGROV1 cells (mean body weight + SEM 27.89 + 0.84 g 890Q + 1.08 g before tumor cell injectic
were treated with salin€isplatin (3 mg/kg, once per week), C-ODN (20pug/ mouse, 5 days/week for 4 weeks) f
Cetuximab (1 mg/mouse at 3- taddy intervals), Cp-ODN plus Cisplatin, Cetuximab plus Cisplatin, angG-ODN

plus Cetuximab and Cisplatin. (B) Mice selectedrfere advancedtage disease (mean body weight + SEM 31.4 -
g vs 24.89 + 0.68 g before tumor cell injectionyevireated with saline or Cj-ODN plus Cetuximab and Cisplatin.

= number mice/group.
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DISCUSSION
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Oligodeoxynucleotides (ODN) containing dinucleoideith unmethylated CpG motifs (CpG-
ODN) are strong activators of both the innate ahpéive immune systems (456,457). Recognition
of CpG-ODN is promoted by Toll-like receptor 9 (TRR a member of the TLR family, which is
necessary to detect microbial pathogens. TLRsgprfially expressed by immune system cells,
are also identified on non-professional immunescslich as endothelial cells, fibroblasts, and
epithelial cells (158,458). Both bone marrow and-bone marrow-derived cells are thought to be
involved in the response induced by TLR agonistgc8sses in preclinical studies using CpG-
ODN and early indications of its safe use in humlaage led to extensive interest in the clinical
development of these agents in the treatment oferapatients (118,456,459). Recently in the
laboratory where | conducted my thesis it has lreported the critical role of the administration
route in the treatment of human ovarian cancer geafts in nude mice, with intraperitoneal (i.p.)
injection of CpG-ODN leading to an impressive irage in survival time and in tumor-free rate as
compared to the slight effect of treatment admémed intravenously or subcutaneously (388).
However, it should be noted that these results wabserved in mice before the appearance of
ascites and therefore with a relatively low tumorden.

It was also demonstrated that TLR9 ligand CpG-OBdtinent induces down-modulation of DNA
repair genes in tumor cells of both murine and huorégins. Expression-level analysis of proteins,
RAD51, a key protein in the homologous recombimaf@NA repair pathway (460), and SIRT1,
whose activity promotes homologous recombinatio61j4 in human tumor cells confirmed
microarray results. These proteins are involvethomologous recombination and, consequently,
are relevant for the repair of interstrand croekdj which are the most cytotoxic lesions induced b
Cisplatin. Accordingly, the combination of Cisptatand CpG-ODN against IGROV-1 human
ovarian tumor xenografts in athymic mice was fotmdnduce a remarkable increase in life span
compared with that using either reagent alone (F0801).

Down-modulation of DNA repair genes induced by CPGN treatment in tumor cells and up-
modulation in immune cells might represent a pHggic phenomenon that occurs locally in the
presence of an infectious event. Thus, upon detpdtie presence of an infectious agent via
endosomal TLRs, immune cells might regulate DNAaregenes to decrease their susceptibility to
possible pro-apoptotic signals during infectionsl,aat the same time, directly and/or indirectly
induce modulation of DNA repair genes in infectedtansformed) cells to facilitate their death.
The first aim of this thesis was to highlight theehanisms used by the TLR9 ligand to increase the
sensitivity to Cisplatin, inducing in this way algte increase of survival in our vivo experimental

models. It has been speculated that miRNA canlooiie in this mechanism.

105



Emerging evidence suggests that miRNAs play impontales in the regulation of immunological
functions, including innate immune responses ofrojatages and the development, differentiation,
and function of T and B cells (462;463). miRNAs aeubiquitous feature of all cells, and
functional studies prompted by the growing numidendrRNA targets identified have demonstrated
the involvement of miRNAs in the regulation of cddlr process (464).

Changes in miRNA expression induced by TLR ligatwhglation have been broadly investigated
for their impact on development and function ofatenimmune cells, the primary expressors of
TLRs (465).

In this thesis we show tham vivo treatment with CpG-ODN, the TLR9 agonist, alsouices
modulation of several miRNAs in tumor cells.

Our analysis of 3 miRNAs (hsa-miR-424, hsa-miR-a4@d hsamiR-302b) for their significance to
chemotherapy response showed that the enforce@sstpn of hsa-miR-302b on IGROV-1 cells
significantly enhanced Cisplatin cytotoxicity.

Members of the hsa-miR-302 cluster (hsa-miR-308a;miR-302b, has-miR-302c, has-miR-302d,
and has-miR-367) regulate self renewal and plueipoy processes in human embryonic stem cells
(hESCs) (466). Has-miR-302b is poorly expressedastric tumor and it could be considered a
better marker of pluripotency. Has-miR-302 expm@ssis positive correlated with induction of
pluripotency (ips) genes, including OCT4 variambsgastric adenocarcinoma (467). Recently bio-
informatic analysis showed that EGFR might be gdaiof has-miR-302b. Has-miR-302b was
frequently down regulated, whereas EGFR was uplaégl in 27 pairs of clinical HCC and non-
tumors counterparts. Hsa-miR-302b suppression ofCHffowth may due to targeting the
EGFR/AKT2/CCND1 pathway (468). Consistently withr e vitro data, we found that hsa-miR-
302b expression was significantly associated to TtliRe to relapse) or OS (overall survival) in
two datasets of ovarian cancer patients treatdd platinum-based therapy. These findings indicate
that has-miR-302b enhanced chemosensibility of lmuavarian carcinoma cells and may represent
a biomarker able to predict response to Cispla@atinent, leading to a more accurate selection of
patients potentially responsive to a specific thgraMoreover, the correlation between miRNA
expression and response to specific therapiessaiggests the potential usefulness of miRNAs as
therapeutic adjuvants. Our study starts usingnavivo model to select a candidate miRNA, then
validatedin vitro as adjuvant tool and in human samples as predibimmarker. The integration of
mMiRNA and mRNA expression profiles upon CpG-ODNatreent revealed a broad concerted
interplay of miRNAs with their predicted target mR8& suggesting a relevant role for miRNAs in
CpG-ODN-induced expression of genes involved ifedént cellular pathways. Concerning genes

involved in DNA repair, miRNA-mRNA interaction aryais identiied HDAC4 as a gene
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potentially targeted by hsa-miR-302b, as then wesiid by the decreased HDAC4 mRNA and
protein levels upon enforced hsa-miR-302b expressidGROV-1 cells. Inhibition of HDAC has
been reported to induce hyperacetylation of costohes and consequent relaxation of chromatin
structure; such an open chromatin configuration ld/dae expected to enhance accessibility of
genomic DNA to drugs targeting DNA (470;471). Thekda have led to clinical studies using
HDAC inhibitors in combination with current DNA daging agents, such as topoisomerase
inhibitors, DNA synthesis inhibitors, DNA interc&bas and agents that covalently modify DNA, as
treatment of several types of cancer (471;472). él@r, whereas clinical studies have shown
efficacy against human hematologic malignanciesulte in solid tumor trials have been
insufficient because of some HDAC inhibitor limitats such as cardiac toxicity (473;474). The
observation that over-expression of miR-302b ineeeathe sensitivity of ovarian tumor cells to
Cisplatin, together with the reported tissue spatyf of miRNAs (475), raises the possibility of
using this miRNA to modulate DNA-damaging drug seévisy and avoiding HDAC inhibitor
toxicity.

A very recent study reports direct regulation ofl g#otein by members of the miR-302 family
activated following DNA damage in human embryoniens cells (401), further suggesting that
miR-302 can impact the response to DNA-damagingntsgéy modulating different target
molecules.

Notably, the human IGROV-1 cells, model used for pioject, are negative for TLR9 and do not
respond to murine CpG-ODN, therefore the activitpG-ODN is not mediated by direct contact
between the cells of the immune system and the tumsiead is likely mediated by TLR9-positive
cells in the tumor microenvironment directly andiwrough soluble factors. Several studies
indicating that miRNAs can also be transferred leetwcells, e.g., through exosomes (417), as a
mechanism to interact and exchange informationngithe intriguing possibility that the immune
system responds to CpG-ODN treatment by boostingNAi modulation and interaction with
tumor cells.

Interestingly, our new preliminary data seem topsuwpthis hypothesis, since human pre-miR-302b
is not even detectable in IGROV-1 xenograft tumuansereas the murine precursor is significantly
induced in spleens of CpG treated mice. Considetirgse encouraging results, we are now
exploring the possibility that mature miR-302b ecieted by TLR9 positive immune cells and
delivered to the tumor by a MV-mediated mechaniBeside the understanding of the molecular
mechanism behind the “gap” between activation @f itnmune system by CpG and biological
effect on tumor cells, our future plan is also xpleit MVs to deliver miR-302b to the tumor, as a

new adjuvant therapeutic tool.
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The second propose of this thesis was to studgdh®ination of CpG-ODN with different agents
to improve therapy of advanced ovarian cancer.tdsdormation is a major cause of morbidity and
mortality in advanced ovarian cancer patients.hisé patients, in whom the metastatic spread of
tumor cells outside the peritoneum is uncommonttineor cell deposits in the peritoneal surface
may avoid adsorption of i.p. fluid by mechanicakwhbction, inducing ascites (476). The clinical
management of malignant ascites remains an unnaital@eed because current treatments, which
include diuretics, frequent large-volume paracasies. or systemic chemotherapy, and a variety
of other experimental strategies (477), are diseping (478). None of these approaches has been
established as standard therapy because of liraffexhcy and the risk of severe side effects such
as protein loss, bowel perforation and peritor(4ig8,479). Advance tumor diseases are generally
difficult to treat, in animal models and in clinicgtudies, in which treatment is initiated onlyeaft
ascites become evident, generally show a smalttetfie survival. Our data obtained in ascites-
bearing athymic mice indicate that i.p. CpG-ODNatreents result in increased survival and
inhibition of ascites formation, and suggest avate role for activation of cells and cytokines of
innate immunity in the therapy of ovarian cancdrgmas with malignant ascites. Although daily i.p.
administration of CpG-ODN induced a significantrese of survival-time, this treatment did not
determine the cure, therefore we screened theteteess of CpG-ODN in combination with
different agents, such as Bevacizumab, Poly(l):@)ly Gefitinib, Cetuximab and Cisplatin.
Bevacizumab binds the vascular endothelial growthadr (VEGF) that is reportedly overexpressed
in ovarian cancer (439-441), and VEGF-regulatedicayemesis is a key component of ovarian
cancer growth (442,443). The Poly(l):Poly(C) TLR&oaist induces a synergistic effect when
combined with TLR9 ligand by mediating an enhaneativation of innate immunity (444).
Cetuximab and Gefitinib target the epidermal groveitior receptor (EGFR) frequently expressed
in ovarian cancer cells (438). As seen in the tesahti-VEGF Bevacizumab did not enhance the
effect of CpG-ODN treatment alone on survival. Reqareclinical and clinical data (438) suggest
that targeting VEGF might suspend ascites formatiotieed in mice treated with the anti-VEGF
antibody as a single treatment, it was observednaibition of ascites production. Altought
Bevacizumab is able to control ascites formatidre tombination with CpG-ODN does not
improve mice survival already induced by CpG-ODNonal. Also the combination with
Poly(l):Poly(C) did not induced a significant suipereffect on median survival times compared
with CpG-ODN treatment alone. This result was notaccordance with observations which
demonstrated a clear synergy between the two immuodulators (444). This could be possibly
due to the schedule of CpG-ODN administration, yd@ipG-ODN administration might induce

considerable innate cell activation hardly expahelély other immune modulators. The addition of
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the EGFR tyrosine kinase inhibitor Gefitinib (Iray$o repeated i.p. CpG-ODN treatment induced a
small but not significant increase in lifespan warsice treated with CpG-ODN alone, but a strong
increase of median survival time was observed w@etuximab, a monoclonal antibody anti-
EGFR, were administrated to the mice. IGROV-1 cekpress EGFR, but their growth has been
showed to be independent from this receptor; indestment with Cetuximab alone was able to
induce only a slight increase of mice lifespan caregd to control mice. Since EGFR inhibitors
interact with Cisplatin (449-452) and recently iasvreported that CpG-ODN has a synergistic
antitumor effect in combination with Cisplatin (453ve have also investigated the therapeutic
effect of the combination of CpG-ODN, Cetuximab a@idplatin in mice selected for evident and
established ascites. The association of CpG-ODN filetuximab and Cisplatin revealed a
significant increase in lifespan compared to the afseither reagent alone. Note that 70% of control
mice became moribund 6 days after the start ofrireat. Since the nude mice models, used for
performing our experiments, have NK cells and mplcages as predominant immunological
population, we hypothesize that CpG-ODN recruit aotivate immune effectors cells at the site of
tumor growth through ADCC. An increased death inu&ienab-pretreated tumor cells compared to
untreated cells was not observed; indeed the isere&the susceptibility of IGROV-1 cells after
treatment with Cetuximab is not mediated by antjpaldpendent cell cytotoxicity. Therefore we
suppose that Cetuximab treatment would make IGRQ3¢élls more robustly phagocytosed by
macrophages. Performing a phagocytosis assay wedemonstrated that the tumor cells after 12
hours were completely incorporated by macrophagesifying that Cetuximab active the innate
immune system that kill tumor cells by phagocyto3isgether these results point to a promising
clinical strategy for treatment of ovarian cancatignts with bulky ascites using TLR9 agonists as
immune-modulator in combination with approved dru@kese findings may contribute also to
understanding the implication of immune cells imar microenvironment, and the involvement of
mMiRNAs as alternative mechanism in enhancing geitgit to chemotherapy after
immunostimulation. Indeed our preliminary data, gegjing that miRNAs might be exploited by
the activated immune system to affect gene expmessi tumor cells, namely modulating DNA
repair genes, and thus increasing sensitivity tenatherapy agents, strongly support the

hypothesis of a possible future clinical use of M#® in the management of ovarian cancer.
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