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Figure 1 : Percentage of  infecƟous cancer  among total cases of cancer in 2002 (from 
Parkin et al 2006). KHSV: Kaposi sarcoma-associated herpesvirus, HTLV1: Human T lym-
photropic virus type 1, HIV: Human Immunodeficiency Virus).
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Cancer represents the second most common cause of death in industrialized countries. Epidemiological and 
biological studies have now conclusively proved that a variety of infecƟous agents consƟtute one of the main 
causes of cancer worldwide. It has been pointed out that more than 20% of cancers are from infecƟous ori-
gin [1] (Figure 1). Both DNA and RNA viruses have been shown to be the primary cause of cancer in humans. 
Among those, almost 60% are aƩributed to infecƟon by Human papillomavirus (HPV), Epstein - Barr virus 
(EBV) and HepaƟƟs C / HepaƟƟs B Virus (HBV/HCV) [2], the 40% percent leŌ are principally aƩributed to H. 
pylori infecƟon (Figure 1).
Cervical cancer is the second most common cancer causing the death of approximately 300,000 women per 
year worldwide [3].  HPV high-risk mucosal types are associated to 98% of all cervical cancer cases. HPV16 
is the most carcinogenic type, being present in approximately 50% of cervical cancers. In contrast to acute 
infecƟon, persistent infecƟon can last decades in the host and occurs when the immune system fails to clear 
the virus. It is now widely accepted that a persistent infecƟon with a high risk HPV type is mandatory for the 
development of cancer.  Regarding EBV, over 90% of the world’s populaƟon is infected. Like all the viruses of 
the Herpesviridae family, it persists in the host under a latent form. EBV chronic infecƟon is also mandatory 
in order to give rise to malignancies, such as BurkiƩ lymphoma or Hodgkin disease, but must be coupled with 
host or environmental factors. Cancer will develop if the oncovirus persists and progress to induce cellular 
transformaƟon.
Failure of the immune response is a key component for the development of virus and non-virus induced 
cancers [4]. The ability of the virus to deregulate the first line of immune defense, the innate immune re-
sponse, would permit cellular transformaƟon of the host cell and cancer iniƟaƟon. Immune and non-immune 
cells bear a set of molecules called paƩern recogniƟon receptors (PRR). They are well conserved throughout 
evoluƟon and sense molecular moƟfs that are conserved among broad groups of microorganisms (PAMPs 
Pathogen Associated Molecular PaƩerns) or released by injured or stressed cells (DAMPs: Danger Associ-
ated Molecular PaƩerns). There are four families of PRRs: the TLRs (Toll-Like Receptors), the NLRs (NOD-like 
receptors), the RLRs (RIG-like receptors) and the pythin family members. DNA viruses such as EBV and HPV 
are sensed by various PRRs. However they may have developed strategies to avoid PRR recogniƟon in order 
to persist in the host. 
Furthermore, the ability of TLRs to also regulate cell proliferaƟon, survival and/or apoptosis may play a role 
in the control of inflammatory responses and Ɵssue repair processes [5-8]. These two funcƟons of TLRs are 
likely to be also important for cancer iniƟaƟon and progression. First, as cancer is an abnormal and uncon-
trolled Ɵssue repair process, TLR signaling could play a key role in regulaƟng or controlling cancer progres-
sion. Second, deregulated TLR signaling leading to exacerbated inflammaƟon would parƟcipate to cancer 
development. Furthermore geneƟc variaƟons of TLR genes have been shown to be associated with increased 
risk of various cancers and other infecƟon and non-infecƟon related diseases [9-11]. 
The purpose of this project is to study how HPV and EBV deregulate the innate immune response. I will first 
introduce clinical and molecular aspects of EBV and HPV infecƟon and depict the mechanisms leading to 
oncogenesis and more precisely the immune escape mechanisms and the subversion of the cell cycle used 
by these viruses in order to persist. Then the results obtained during my PhD will be exposed in the form of 
arƟcles published or in the process of submission. In the last part I will discuss the results obtained in the 
light of what is currently known.
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A. ONCOVIRUSES

The viruses causing cancers, known as oncovirus, belong to different taxonomic group of DNA or RNA viruses. 
The first virus to be widely acknowledged as responsible of tumor was the Rous Sarcoma Virus (RSV) in chick-
en in 1910. However two years before Ellerman and Bang discovered that a virus-containing filtrate could 
transmit leukemia to chickens. In human five DNA oncoviruses exist, EBV , HPV [14], HBV, Kaposi sarcoma-
associated herpersvirus (KSHV) [12] and Merkel cell polyomavirus (MCPyV) [13] and two RNA oncoviruses 
Human T lymphotropic virus type 1 (HTLV-1) and HCV. Table 1 depicts the oncovirus associated diseases and 
the mechanism of oncogenesis that lead to cancer development.

Oncovirus Related diseases Mechanism of oncogenesis 
EBV Nasopharyngeal carcinoma, burkiƩ's lymphoma, 

immune-suppression-related non-Hodgkin lym-
phoma, extranodal NK/T-cell lymphoma, Hodgkin's 
lymphoma, Gastric carcinoma, lympho-epithelioma-
like carcinoma 

Cell proliferaƟon, inhibiƟon of apoptosis, 
genomic instability, cell migraƟon 

 

HBV Hepatocellular carcinoma, Cholangiocarcinoma, non 
Hodgkin lymphoma

InflammaƟon, liver cirrhosis, chronic hepa-
ƟƟs 

 

HCV Hepatocellular carcinoma, Cholangiocarcinoma InflammaƟon, liver cirrhosis, chronic hepa-
ƟƟs 

 

 KSHV Kaposi's sarcoma, primary effusion lymphoma,  mulƟ-
centric Castleman’s disease 

Under debate  

HPV mucosal high 
risk type 

Carcinoma of the cervix, vulva, vagina, penis, anus, 
oral cavity, oropharynx, larynx and tonsil 

ImmortalizaƟon, genomic instability, 
inhibiƟon of DNA damage response, anƟ-
apoptoƟc acƟvity 

 

HTLV-1 Adult T-cell leukaemia and lymphoma ImmortalizaƟon and transformaƟon of T 
cells 

 

MCPyV Merkle cell carcinoma (needs to be validated) Unknown  

Table 1: Human oncoviruses, related malignancies and possible mechanisms of acƟon. Adapted from [14].

From now on I will focus on EBV and HPV and will introduce the clinical and molecular aspect for each of 
them.

1.EPSTEINͳBARR VIRUS

a) Clinical aspects

(1) Natural history 

EBV, iniƟally called human herpes virus 4, is one of the eight known human herpes viruses. It was isolated 
for the first Ɵme by Anthony Epstein, Bert Achong and Yvonne Barr in 1964 from BurkiƩ lymphoma clinical 
samples [15]. It belongs to the Herpesviridae family and the Gammaherpesvinae subfamily.
The majority of the populaƟon (over 90%) is infected with this virus. Most of the primo-infecƟon happens 
during childhood by oral transmission. While in young children EBV acute infecƟon is asymptomaƟc, during 
adulthood it may give rise in half of the cases to a self-limiƟng lymphoproliferaƟve disorder called infecƟous 
mononucleosis (IM) [16]. The intensity of the disease varies but can last weeks or month before resolving. 
ComplicaƟons are rare, however some reports showed a possible role for EBV in promoƟng autoimmunity 
and central nervous system Ɵssue damage [17]. 
While the major target of EBV is B cells, it also infects epithelial cells [18], T/NK cells [19] and might target 
monocytes/macrophages/LCs (Langerhans Cells) [20].
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(2) Chronic stage of the virus: EBV associated malignancies 

The tumors associated with EBV are mainly lymphomas such as BukiƩ’s lymphoma and Hodgkin’s lymphoma 
or carcinomas from epithelial origin such as gastric carcinoma and nasopharyngeal carcinoma EBV is linked 
to a wide range of malignancies in immunodeficient individuals. Table 2 lists the major malignancies as well 
as the percentage of which are associated to EBV infecƟon. The lymphomas are mainly from B cell origin 
however rarely EBV infects T or NK cells and lead to the development of a T/NK lymphomas with a high fre-
quency. The event leading to lymphomas development is the inability of the host immune system to control 
EBV infecƟon. Indeed, immunosuppressive drugs following transplantaƟon especially in children have been 
associated with the development of EBV lymphomas (PTLD).

Malignancies EBV associaƟon (%) 
BurkiƩ’s lymphomas 95-100 – Endemic 

20-30 - Sporadic 
Hodgkin’s lymphomas 40 – Western world 

90 – Children in central America 
Post-transplantaƟon lymphomas 80 
Aids—associated b-cell lymphoma 100 - Primary central nervous system lymphoma 

30-50 - BurkiƩ’s lymphomas 

90-100 – Primary effusion lymphomas 

30 – Diffuse large cell lymphomas (centroblasƟc) 

90 - Diffuse large cell lymphomas (immunoblasƟc) 
T cell lymphomas 10-30 
Gastric cancers 10 
Nasopharyngeal carcinoma undifferenƟated 100 

Table 2: EBV associated malignancies. The percentage indicates the frequencies of EBV carrying tumors.

In the case of BurkiƩ’s lymphomas, the endemic form occurring in equatorial Africa is associated with chronic 
malaria that might dampen the host immune system. The sporadic variant occurring outside of Africa is also 
associated with an impairment of the immune system usually associated with HIV (Human Immunodefi-
ciency Virus) infecƟon or immunosuppressive drugs. Keys factors in the development of BurkiƩ’s lymphomas 
are the translocaƟon of the c-myc oncogene into one of the immunoglobulin loci leading to its consƟtuƟonal 
acƟvaƟon and the inability of the host to eliminate the EBV posiƟve cells.  

b) Molecular aspects and viral cycle  

(1) Viral cycle 

EBV is transmiƩed to a new host via salivary secreƟons to the oropharynx and must cross the epithelium 
to reach B cells, its main target (Figure 2). It is not known to what extend or whether epithelial cells of the 
oropharynx become infected during EBV primo infecƟon. It is possible that EBV might infect directly the 
epithelial cells. Actually EBV has been shown to infect epithelial cells in AIDS paƟents with oral hairy leuko-
plakia and the mRNA of CD21 the receptor of the virus has been detected in some tonsillar epithelial cells 
[21]. It is also possible that the virus would cross the epithelium to access B cells perhaps via wounds or as 
a result of inflammaƟon induced leakiness. The model of infecƟon during primo infecƟon by EBV has been 
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Figure 2:  Primo-infecƟon by EBV. 
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extrapolated from the model of EBV infecƟon proposed by Thorley-Lawson et al [22]. AƩachment to B cells 
is mediated by protein-protein interacƟon between the envelope glycoprotein gp350/220 and the comple-
ment receptor type 2 (CR2 or CD21)[23].  Fusion and endocytosis is triggered by the interacƟon of the EBV 
glycoprotein, gp42 with HLA class II [24], and is thereaŌer mediated by the core fusion complex, gH/gL/gp42 
[25-27]. The nucleocapsid is then released in the endosome. The linear genome of the virus circularizes and 
the virus persists in the cell as episome. The newly infected B cells express all the latent EBV genes known as 
latency III (Table 3), characterisƟc of newly infected B cells in vitro [28]. The dogma is that EBV will first infect 
naïve B cells since they were the only one found to express the latency III genes [22, 28-30] (Figure 2). The 
EBV infected cells proliferate and some of them move to the tonsillar germinal center. The clonal expansion 
in the germinal center increase the pool of infected B cells where they express a more limited EBV expression 
paƩern known as latency II (Table 3) [22]. 

Program Genes /RNA expressed Infected B cell type FuncƟon Disease 
Latency III EBNA1,2,3A,3B,3C,LP, 

LMP1,2A,2B,EBER, BARTs 
Naive B cells acƟvaƟon IM, CAE, PTLD 

Latency II EBNA1, LMP1, LMP2A,2B Germinal center B cells DifferenƟaƟon 
into memory 

HD, NPC, T/NKL, GC 

Latency I EBNA1,  EBER, BARTs Dividing peripheral 
memory 

Cell division BL 

Latency 0 EBER Peripheral memory Life Ɵme persistence 
LyƟc All lyƟc genes Plasma cells Virus replicaƟon OHL 

Table 3: EBV gene expression during the different latency programs and correlaƟon with diseases. IM: infecƟous mononucleosis, 
CAE: chronic acƟve EBV, PTLD: post-transplant lymphoproliferaƟve disease, HD: Hodgkin’s lymphoma, BL: BurkiƩ’s lymphoma, 
NPC: nasopharyngeal carcinoma, GC: gastric carcinoma, OHL: oral hairy leukoplakia, T/NKL: T or NK lymphomas.

The B cells will then differenƟate into memory B cells. The majority of EBV-infected B cells will be eliminat-
ed by cytotoxic T cells. The few remaining EBV posiƟve memory B cells will be the reservoir of EBV-infected 
B cells, in which no EBV genes are expressed (latency 0) (Table 3 and Figure 2). EBV is found only in memory 
B cells in peripheral blood [31]. Upon acƟvaƟon, memory B cells differenƟate into plasma cells. The virus 
enters then into a lyƟc program and the viral genome linearizes to replicate.  New viral parƟcles will be 
produced, and then they could re-infect naïve B cells (Figure 2) [32, 33]. Naïve B cells might not be the only 
target of EBV infecƟon. Indeed, in vitro naïve and memory B cells show the same suscepƟbility to EBV infec-
Ɵon [34] and it is possible that in vivo EBV doesn’t need to express the latency III program to establish viral 
latency, so in vivo memory B cells might be infected by EBV. EBV exploits the physiology of normal B cell to 
establish (acƟvaƟon and germinal center differenƟaƟon), to persist (memory B-cell) and to replicate (plas-
ma cell differenƟaƟon) in immunocompetent host. Then a balance state is achieved between EBV reacƟva-
Ɵon and host immune surveillance. Indeed under normal circumstances EBV is not an oncogenic virus but 
break of this balance might lead to cancer development. 

(2) Molecular aspects

(a) EBV genome

EBV is an enveloped virus with an icosahedral capsid and a double-stranded DNA genome of about 172 Kb in 
size. In virus parƟcles the genome is linear. However aŌer infecƟon of B cells, the DNA circularizes and per-
sists as an episome in the nuclei of infected cells. The genome contains terminal repeats (TR), few other small 
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Figure 3: OrganizaƟon of the EBV genome. The EBNA and LMPs proteins and promot-
ers are localized on the genome. The regulaƟon of the promoters by the EBNA genes 
products is depicted.
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repeat and a large tandemly repeated DNA sequence the major internal repeat (IR1) (Figure 3). Terminal 
repeats (TR) are found at the extremity, they allow the circularizaƟon of the genome. IR1 divide the genome 
into short and long unique sequences (US and UL) that contain EBV genes (Figure 3). The study of the open 
reading frame allowed the determinaƟon of almost hundred coding sequences. Only the major proteins will 
be described. Four different latency (1-4) programs exist and are Ɵghtly coupled to the state of the infected B 
cells (Table 3). The genome contains several promoters, named Cp, Wp, Qp and LMP promoters that are dif-
ferenƟally acƟvated in the different latency phases and lyƟc phase (Figure 3). Promoter acƟvity is regulated 
by Epstein–Barr nuclear anƟgen (EBNA) proteins (Figure 3) and allow the virus to first establish (latency I,II,III) 
then either maintain a persistent infecƟon (latency 0) or replicate and lyse the infected cells (lyƟc phase). 
Depending on the latency program, EBV expresses the EBNA and latent membrane proteins (LMP), and the 
Epstein–Barr encoded RNAs (EBERs) and the Bam HI-A region rightward transcripts (BARTs) (Table 3). In the 
latency I and II the only EBNA gene expressed is EBNA1, transcribed from the Qp promoter. In Latency II, in 
addiƟon to the EBNA1, the LMP genes are also expressed from the LMP promoters. The Latency III involves 
the expression of all the EBNA proteins from the Cp or Wp promoters and the LMPs proteins by alternaƟve 3’ 
processing and alternaƟve splicing. TranscripƟon of the EBNA and LMP genes is auto regulated by the EBNA 
genes products. During the lyƟc cycle a specific set of genes are expressed: the immediate early proteins, 
the early proteins and the late proteins. The funcƟon of the main proteins and transcripts generated during 
latency and lyƟc phases will be presented below.

(b) EBV latent genes 

(i) The EBV nuclear antigen (EBNA)

EBNA proteins are a group of nuclear proteins which modulate viral and cellular transcripƟon. 
EBNA1 is expressed in all virus infected cells and is required for replicaƟon, maintenance and segregaƟon of 
the episomal EBV genome via OriP binding [35]. As shown in Figure 3 EBNA1 acƟvates the transcripƟon from 
Cp, Wp and LMPs promoters and inhibits Qp acƟvity. It might mediate inhibiƟon of apoptosis [36]. EBNA1-de-
rived pepƟdes are not presented by MHC Class I molecules. Therefore B cells only expressing EBNA1 (latency 
I) are not recognized by cytotoxic T cells [37]. EBNA2 is the first viral protein to be expressed aŌer infecƟon 
of B cells in vitro. It is the main viral transacƟvator; it acƟvates the promoters necessary for the producƟon 
of all the latent proteins and several cellular genes such as c-myc and CD2[38]. It can drive the infected cell 
through G1 as detailed later [39]. EBNA2 inhibit RBP-Jk, a transcripƟonal receptor of the Notch signaling 
pathway, allowing the transcripƟon of genes contribuƟng directly to B cell immortalizaƟon. Recombinant 
viruses carrying an EBNA2 gene that lacks the RBP-j interacƟon domain are not able to immortalize B cells 
[40, 41]. EBNA-LP strongly and specifically potenƟates EBNA2 mediated transcripƟon [42, 43]. The EBNA3 
family members are antagonizing EBNA2 effect on RBP-Jk by compeƟng for the binding to this protein [44, 
45].  Through the modulaƟon of RBP-jk, EBNA2/EBNALP/EBNA3 modulate the Notch pathway.

(ii) The latent membrane proteins (LMP)

LMP1 is essenƟal for EBV mediated transformaƟon. It is EBV main oncogene [46]. Transgenic mice expressing 
this gene in B cells develop lymphoma [47](Kulwichit, Edwards et al. 1998). Interference with LMP1 funcƟons 
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by mutaƟon impedes B cell transformaƟon in vitro [48].  This protein acts as a consƟtuƟvely acƟve CD40 
receptor. The binding between CD40 and CD40 ligand on Th cells delivers a rescue signal to the B cells [49]. 
The signal induces survival and proliferaƟon via NF-B, AP-1 and JAK/STAT [50]. This protein regulates pro 
and anƟ-apoptoƟc genes. LMP1 is up-regulated during lyƟc cycle, probably to provide anƟ-apoptoƟc and im-
mune evasion signals [51]. This protein is detectable in most EBV associated tumors but not in non tumoral 
Ɵssue [52-54]. Because of its pro-oncogenic role the cellular level of LMP1 is finely tuned by several cellular 
mechanisms such as autophagy [55], ubiquiƟn proteasomal degradaƟon [56] and by post-translaƟonal block-
ing via miRNA [57]. Exosomes are vesicles derived from the endosomal pathway of many cell types. LMP1 
can be found into exosomes, which would parƟcipate to the suppression of immune responses against EBV-
associated tumors [58, 59]. Exosomes deriving from APC contain molecules such as MHC Class I and II, CD86 
and ICAM-1. Therefore they are able to sƟmulate CD4+/CD8+ T and B lymphocyte proliferaƟon [60-63]. LMP2 
delivers a consƟtuƟve, ligand independent BCR signal [64]. The BCR induces two types of signal, however 
LMP2a is able to provide only one, the signal ensuring the survival of resƟng B cells [65]. Furthermore LMP2a 
inhibits the BCR signaling and the inducƟon of the EBV lyƟc cycle thus maintaining EBV in a non-replicaƟve 
latent state [66-68].

(iii) EBV encoded RNA (eber) 

EBERs are two small poly A non-coding nuclear RNAs. In cells latently infected with EBV the EBERs are the 
most abundant viral transcript and are transcribed by RNA polymerase III [71, 72]. The EBERs are criƟcal for 
efficient transformaƟon of EBV-infected B lymphocytes. EBER deficient EBV viruses are 100 fold less efficient 
to transform B cells than EBER posiƟve [73]. Different hypothesis exist to explain this EBER dependent en-
hancement of cell growth. EBER1 has been shown to associate with L22 (component of the 60S ribosomal 
subunit) and this associaƟon correlates with enhancement of cell growth [74]. EBER2 was also shown to play 
a role in EBV induced B cell transformaƟon via IL6 producƟon [75]. They bind Lupus erythematosis-associated 
anƟgen, La, however the significance of this binding is unknown.  

(iv) EBV miRNAs 

miRNAs are small non-coding RNAs that bind to fully or parƟally complementary sequences from mRNAs. 
This binding usually impairs translaƟon and reduces the stability of the targeted mRNAs [69]. EBV was the 
first virus shown to encode microRNA. They map to the BHRF1 and BART region of the genome [70] The 
BHRF1 miRNA cluster appears to strongly potenƟate the transforming properƟes of EBV by inhibiƟng genes 
that antagonize B cell growth and promote apoptosis [71, 72]. 

(c) EBV lytic phase genes 

ReacƟvaƟon of lyƟc EBV infecƟon from latently infected cells is a process Ɵghtly regulated that begins with 
the expression of the immediate-early (IE) genes, followed by the expression of the early viral genes and 
finally the late genes. In vivo anƟgen mediated acƟvaƟon of B cells may be a physiologic sƟmulus for lyƟc 
reacƟvaƟon of EBV [73]. Other extracellular signals may be important for EBV reacƟvaƟon such as TGF [74]  
or CD4+ T cell interacƟon [75]  The IE genes are BZLF1 (Zebra EB1) and BRLF1 (Rta). Their expression is trig-
gered by host cell transcripƟon factors. They are transcripƟonal transacƟvators that trigger the replicaƟon of 
EBV [76, 77] and iniƟate a cascade of lyƟc viral gene expression [78].  Beside this role BZLF1 and BRLF1 affect 
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a variety of cellular proteins funcƟon and pathway.  The early gene products include proteins that regulate 
transcripƟon, RNA transport and stability, proteins which inhibit cellular apoptosis and help immune evasion 
and protein involved in the viral replicaƟon. Late viral gene expression occurs following viral replicaƟon, al-
lowing the expression of structural proteins such as nucleocapsid proteins and viral membrane associated 
glycoproteins. EBV viral DNA is then packaged within the capsid and the mature virion is released.

c) Models of study

EBV-infected cells are rare in healthy people, only one to fiŌy EBV + cells per million of B cells [79]. So their 
study in vivo in humans is impossible. It is however possible to infect in vitro B cells purified from peripheral 
blood mononuclear cells (PBMCs). EBV will transform those B cells in lymphoblastoid cell lines (LCL) that will 
express mainly a latency III program, although low level of lyƟc EBV infecƟon is detectable too [28].
Gamma herpes viruses are highly species specific, thus animal models for EBV are not available. Murine 
gammaherpesvirus 68 (MuGHV) is a natural pathogen of bank voles and wood mice and has been shown to 
infect laboratory strain mice [80]. Experimental infecƟons of mice with MuGHV share many features of EBV 
infecƟons in human [81]. MuGHV and EBV both show epithelial and B-cell tropism, virus-driven B-cell acƟva-
Ɵon and proliferaƟon, and a syndrome of acute infecƟous mononucleosis [81, 82]. However MuGHV lacks 
homologs of EBV latency-associated and transforming proteins and lymphomas occurs only in a low percent-
age of MuGHV-infected mice [83].
The best primate model available to mimic EBV infecƟon and pathogenesis is based on the infecƟon of rhesus 
monkeys with the rhesus lymphocryptovirus (LCV). Naïve animals can be inoculated by oral route and the 
acute and latent infecƟons reproduce many aspects of EBV [84]. However lymphoma developments in im-
munosuppressed animals require intravenous injecƟon of LCV infected B cells [85].

2. HUMAN PAPILLOMA VIRUS 

Human Papillomavirus is the most common sexually transmiƩed disease in the world. Most of the HPV infec-
Ɵons are benign. They infect cutaneous and mucous epithelia and induce papillomas or warts which gener-
ally regress.  However when HPV persist, it might progress into cancer. Indeed HPV has been shown to be 
the eƟologic agent of cervical cancer [86]. Cancers due to HPV are a public health issue since it is the second 
most common cancer in women worldwide with an esƟmated 493,000 new cases and 274,000 deaths in 
2002 [3].

Types of Cancer Main HPV type % of associaƟon with HPV 
Cervical cancer HPV16 and 18 100% 
Anogenital cancer HPV16 50% 
Head and Neck Cancers HPV16 25-30% 
Skin Cancer (EV and transplant paƟents) HPV5, 8 and 20  Needs to be assessed 

Table 4 : Principal type of cancers associated with HPV persistence [14].
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Figure 4: Structure of  the HPV 16 genome
(From hƩp://acces.inrp.fr/acces/ressources/sante/epidemies-et-agents-infec-
Ɵeux/comprendre/cancer_viro_induits/le-virus-hpv)

Figure 5: HPV producƟve life cycle. The different layers of the epithelium are on the 
leŌ and  the HPV life cycle and the proteins involved are on the right. E7 expression are 
shown in red. (From MIDDLETON, PEH ET AL. 2003.)
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a) Clinical aspects

The Human Papillomavirus belong to the Papillomaviridae family. Over 100 papillomas virus types have been 
idenƟfied.

HPV show a high degree of Ɵssue tropism. Different HPV types infect specific anatomic regions. The viruses 
of the alpha genera infect the mucosa and the epithelium of the genital tract. These HPV type from alpha 
genus are subdivided into two groups: the low risk HPV type (e.g. HPV6) that are mainly associated with 
genital warts and non-metastasizing tumors and the high risk HPV type associated with high-grade dysplasia 
especially cervical intraepithelial neoplasia (HPV16 and 18 mainly) (Table 4). 

The viruses associated with cutaneous lesions and epidermodysplasia verruciformis (EV) have been regrouped 
in the beta genera. Beta papillomavirus (e.g. HPV5) are usually associated with benign cutaneous infecƟon 
but in immunocompromised individuals and in paƟents suffering from EV, they can be associated with the 
development of non-melanoma skin cancer (Table 4) [87, 88]. In immunosuppressed paƟent, HPV from beta 
type might have a role in the development of warts and squamous cell carcinomas [89]. The remaining HPV 
belong to the genera Gamma, Mu and Nu and generally cause papillomas and warts that do not progress to 
cancer.
The high-risk HPV have been associated with human cancer that will be described below. A group of 15 high 
risk HPV types seem to be involved in all cervical cancer cases worldwide. HPV 16 and 18 are the most preva-
lent high-risk type associated with 50 and 20% respecƟvely of all cervical cancer cases (Table 4). The inci-
dence rates of invasive cervical cancer tend to peak about 20-25 years aŌer the peak of age for HPV infecƟon 
prevalence. HPV16 has also been associated to anogenital and head and neck cancers. Therapy of cervical 
precancerous lesion consists in their surgical removal. Treatment of cervical cancer is mainly through radio-
therapy in associaƟon with surgery in early stage disease. In advanced or recurrent diseases chemotherapy 
is used in combinaƟon with radiotherapy or surgery

The following parts of this report will be focused on the mucosal high type HPV 16 and the most prevalent 
HPV type in cancer.

b) Molecular aspects and viral cycle

(1) Molecular aspects 

The HPV16 genome of 7905bp long (Figure 4) is composed of eight ORF mapped on three regions. The early 
region encodes six proteins: E1, E2, E4, E5, E6 and E7. The late region encodes the major capsid proteins L1 
and the minor capsid protein L2. A non coding upstream regulaƟng region or long coding region (URR/LCR) 
contains the transcripƟon promoters and DNA replicaƟon elements. Most HPV genes are transcribed as poly-
cistronic mRNAs from a single DNA strand and the precise idenƟty of the mRNAs for each ORF has not been 
fully established. HPV uses alternate RNA splicing and alternaƟve RNA polyadenylaƟon to ensure the proper 
expression of all ORFs from a compact genome [90].
HPV double stranded circular DNA is encapsidated into an icosahedral capsid composed by the two capsid 
proteins L1 and L2. L1 forms 72 star-shaped capsomers around HPV genome. L2 less abundant in the capsid 
displays several important funcƟon beside its role in capsid stabilizaƟon [91]. L2 is involved  in genome en-
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capsidaƟon [92] and endosomal escape of virion during infecƟon [93]. L2 has been shown to recruit L1 to 
sites of the nuclear viral replicaƟon (ND10 domains) [94, 95]. Moreover HPV E4 protein might be important 
in virions morphogenesis since it has been shown to induce the redistribuƟon of the ND10 domains [96]. E4 
is also involved in virion release. Indeed E4 compromise structural integrity of the corneocyte [97, 98] and 
induce apoptosis [99] to enable the release of the virions. 
Prior to replicaƟon the viral DNA must be unwinded; this funcƟon is fulfilled by HPV E1 protein which is the 
viral DNA helicase. Efficient recruitment of the E1 protein to the HPV Origin of replicaƟon is mandatory for 
viral replicaƟon and relies on interacƟon with HPV E2 protein [100]. E2 is also responsible for viral persistence 
in dividing cells by associaƟng with mitoƟc spindles to ensure correct genome segregaƟon [101]. E4 ensures 
an environment compaƟble with the replicaƟon of the virus in the differenƟated layers of the mucosa. E5  
delays the process of endosomal acidificaƟon [102], leading to an increase in epidermal growth factor (EGF) 
signaling [103].
E6 and E7 are the two oncoproteins of HPV16. E6 expression is Ɵghtly regulated since one of its main func-
Ɵons is to induce the degradaƟon of p53 [104]. E6 has the ability to bind PDZ (PSD95 Dlg1 zo-1) moƟfs that 
might contribute to the loss of cell polarity seen in HPV cancer. E6 PDZ binding is important for transforma-
Ɵon since deleƟon of the PDZ moƟf of HPV16E6 prevented the immortalizaƟon of human epithelial cells 
in a model of Head and neck squamous cell carcinomas (HNSCC) [105]. E6 is also acƟvaƟng the human te-
lomerase reverse transcriptase (hTERT) to probably bypass cellular senescence. As E6 in normal seƫngs, E7 
expression is well regulated. One of its main funcƟons is to acƟvate the proliferaƟon of the host infected cell 
mainly via pRb degradaƟon [106]. Mechanisms of p53 and pRb deregulaƟon will be detailed later on in the 
cell cycle regulaƟon part.
The regulaƟon of E6 and E7 is dependent on E2 and E4. E2 acts as a transcripƟonal acƟvator or inhibitor, high 
levels of E2 repress E6/E7 while low level of E2 acƟvates E6/E7 expression. 

(2) Viral cycle 

HPV is sexually transmiƩed, reaches the epithelial basal layer and enters the dividing cells through micro 
wounds (Figure 5). HPV uses heparin sulfate proteoglycan (HSPGs) as primary aƩachment receptors [107-
109]. Since Syndecan-1 is the predominant HSPG in epithelial Ɵssue it was suggested to serve as the primary 
aƩachment receptor in vivo. This is further supported by its high level of expression in the appropriate target 
cell and up-regulaƟon during wound healing [110, 111]. However, in vivo model suggests primary aƩachment 
to the basement membrane rather than cell surface indicaƟng that a secreted HSPG must be involved [108]. 
In vitro studies have shown that PV can also bind to components of the extracellular matrix (ECM) secreted 
by keraƟnocytes and can be transferred from ECM to cells [112]. It has become clear in recent years that 
a secondary non-HSPG receptor is involved in infecƟous internalizaƟon of HPV parƟcles [112, 113] but its 
idenƟty is sƟll unknown. IniƟal cell surface interacƟons are predominantly dependent on the major envelop 
protein L1. However, the minor envelop protein L2 may contribute to secondary interacƟons. The engage-
ment with HSPG induces conformaƟonal changes which affect L1 and L2 that might help the handover from 
one receptor to another. The entry pathway of HPV16 has not been characterized further but may uƟlize 
tetraspanin-enriched micro-domains as entry plaƞorm [114]. Since successful infecƟon requires acidificaƟon 
of endocyƟc vesicles, HPV must traffic through the endosomal compartment. Mechanisms of HPV internal-
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izaƟon are sƟll under debate but might involved clathrin mediated endocytosis [115] or clathrin and caveole 
independent internalizaƟon of HPV16 [114]. UncoaƟng of HPV occurs in endocyƟc vesicles prior to transfer 
to the cytosol [116]. L2 mediates the escape of HPV DNA from endosomes and allow the transport to the 
nucleus with the microtubule network [93, 117]. The virus maintains its genome in the basal layer cells as 
low copy episomal DNA and replicates with the host cellular DNA during S-phase. Indeed, the virus is lacking 
a DNA polymerase and relies totally on the host cell proliferaƟon. Since suprabasal cells are supposed to exit 
the cell cycle to enter in differenƟaƟon, the acƟviƟes of the viral oncogenes E6 and E7 are required to keep a 
couple of cells proliferaƟng and bypass the terminal differenƟaƟon [118].
The late events in HPV cycle include genome amplificaƟon and virus assembly and release. HPV DNA produc-
Ɵon seems to be Ɵghtly regulated by keraƟnocytes differenƟaƟon (Figure 5). The precise factor that triggers 
the late event in HPV16 life cycle is unknown but might depend on the changes of the cellular environment 
as the infected cell is progressing through the epithelium. For instance the CCAAT/enhancer binding protein 
beta (C/EBP) a key transcripƟon factor in the terminal differenƟaƟon of keraƟnocytes, induces  the late pro-
moter p670 of HPV16 [119]. The acƟvaƟon of this promoter increases the level of the proteins E1, E2, E4 and 
E5 that are necessary for viral replicaƟon.
The final step is the packaging of the genome. L1 and L2 accumulate aŌer the genome amplificaƟon (Fig-
ure 5). E2 would improve the efficiency of genome encapsidaƟon [120]. E2 mediates the associaƟon of the 
promyelocyƟc leukaemia (PML) bodies or ND10 with the viral genome, and then L2 binds the PML bodies in 
the nucleus. In the meanƟme L1 assembles in capsomers in the cytoplasm and is recruited by L2 to the PML 
bodies [94]. The assembly of the virus seems to be dependent on Hsp70 [121]. The virus maturaƟon and sta-
bilizaƟon is taking place as the cell approaches the epithelial surface and the virus is shed from the epithelial 
surface, which is facilitated by E4 disrupƟon of the keraƟn network [122, 123].

c) HPV models of study

(1) Organotypic cultures 

Organotypic raŌ cultures are a valuable tool for understanding the natural history of HPV. They consist in 
the in vitro generaƟon of fully differenƟated and permissive epithelium [124]. The raŌ culture mimics the 
in vivo three dimensional Ɵssue morphology and differenƟaƟon of the epithelium therefore allowing the 
propagaƟon of the virus. Organotypic cultures are constructed by placing epithelial cells on top of a dermal 
equivalent component (natural dermal equivalent or syntheƟc matrix collagen) and then raising the cells to 
the air-liquid interface. The epithelial cells can be primary keraƟnocytes for example that would differenƟate 
into a healthy epithelium. When using cells derived from epithelial neoplasia it is possible to mimic tumoral 
architecture.

(2) Animal papillomavirus 

Animal papillomavirus have been studied both as agents of disease in animals and as models of HPV infec-
Ɵon. Bovine Papillomavirus (BPV) and coƩontail rabbit papillomavirus (CRPV) have been for many years the 
model systems with which to study the biology of HPV [125]. InducƟon of papillomas and their neoplasƟc 
progression has been experimentally demonstrated and reproduced in caƩle and rabbits, and virus-cofactor 
interacƟons have been elucidated in these systems.
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(3) Transgenic Mouse models 

ProducƟve papillomavirus infecƟon is species- and Ɵssue-restricted. However it is possible to infect mice 
with HPV16  to study the establishment phase of HPV infecƟon [108]. With this model it is not possible to 
study HPV oncogenesis. In order to study the role of HPV oncoproteins in cancer development or in immune 
response transgenic mice carrying the full or part of HPV genome under a promoter such as K14 specific of 
the basal epithelial cells have been engineered [126]. 

d) HPV therapeutic and vaccinal approches

ProphylacƟc vaccine Gardasil® (Merck) and Cervarix® (GlaxoSmithKline) against HPV have been developed 
and validated. They are based on VLPs (virus-like parƟcles) composed of the L1 major capsid protein coupled 
with adjuvants. They induced the producƟon of neutralizing anƟbodies in vaccinated individuals [127]. Vac-
cines which are heavily adjuvanted might be an issue in some paƟents. They require two or three vaccina-
Ɵons to be efficient. Gardasil® is composed of VLPs from HPV low risk types 6 and 11 and from high risk 
types16 and 18 with aluminum adjuvant. Cervarix® is made of VLPs from HPV high risk type 16 and 18 mixed 
with AS04 (aluminum hydroxide and MPL). These vaccines have been shown to be over 90% effecƟve in 
prevenƟng specific HPV type infecƟon in vivo [128, 129]. While the results of the clinical trial and the first 
vaccinaƟons look promising, it is important to stress that cervical cancer is a slowly progressive disease, so, 
the efficiency of the vaccines will be tested over 10 or 20 years. 

As million women are infected by HPV therapeuƟc vaccine represent also an interesƟng prospect. Thera-
peuƟcs vaccines targeƟng E6 and E7 acƟviƟes are currently under development [130]. To enlarge the broad 
spectrum of the vaccines, different strategies to create mulƟvalent vaccine are being developed. Sequences 
that would be immuno-sƟmulant, protecƟve and common to a maximum of HPV type are searched to pro-
vide cross-protecƟon between the HPV types. Mosaics VLPs made of L1 from different HPV types are being 
engineered.
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Figure 6: cell cycle progression through the different phases is con-
trolled by cyclin/CDK complexes.
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B. MECHANISMS OF ONCOGENESIS

The path from viral infecƟon to cancer is hopefully long and inefficient. Only few people infected will develop 
a cancer and it might take decades to arise.  There are two prerequisite to the development of virally induced 
cancer: 1/ the virus must persist despite the host immune response and 2/ cell cycle alteraƟon and cellular 
oncogene acƟvaƟon leading to geneƟc mutaƟon must arise in infected cells.

The oncogenic potenƟal of an oncovirus is either direct or indirect. Direct oncogenicity involves the acƟvaƟon 
of viral or human oncogenic genes (or both) in order to transform the cells. High risk HPV, EBV, HHV-8 and 
HTLV-1 belong to this category. Because the transformaƟon is directly dependant on the persistence of the 
oncovirus, paƟent immuno-suppressed or immuno-compromised will be more at risk. Indirect oncogenicity 
involves chronic inflammaƟon, Ɵssue injury and repair like it is the case for the hepaƟƟs B and C viruses. In 
that case, it’s rather the inflammaƟon resulƟng of the infecƟon and the virus life cycle than the virus by itself, 
which lead to cancer. In this parƟcular case the controversial theory of “hit and run” might be true; the virus 
would indirectly induce the tumor but would be lost from the cancer cells. 

Some virus induced cancers arise when producƟve infecƟon cannot be supported. Indeed when the host is 
inappropriate, the rate of cancer is higher than in natural host. This is for example true for CRPV in domesƟc 
rabbit, SV40 in hamster and adenovirus 5 in rat [131, 132]. Furthermore, this might also be true when the 
virus infects other sites in its natural host.  Moreover, it has been shown that in immunosuppressed paƟents, 
the development of cancers due to oncoviruses is more frequent [133].
I will here detail the mechanisms of normal cell cycle and immune response as well as the mechanisms de-
veloped by HPV and EBV to deregulate those two keys events.

1. CELL CYCLE DEREGULATION 

As seen earlier, DNA oncoviruses such as EBV and HPV stay usually under an episomal form in the nucleus. In 
order to replicate their DNA, they need to push the cell to cycle to benefit from the host replicaƟve machin-
ery. Thus, they have developed several mechanisms to deregulate the cell cycle and promote cell growth. 
This deregulaƟon is very important since one of the main engines that drive cellular transformaƟon is the loss 
of proper control of the cell cycle [134]. 

a) Cell cycle

(1) Cell cycle phases 

The cell cycle, or cell-division cycle, is the series of events that takes place in a cell leading to its division and 
duplicaƟon (replicaƟon). The cell cycle consists of three different phases: the resƟng phase (G0) where the 
cells are quiescent, the interphase (G1, S, G2) where the cell are preparing for cell division, and the mitosis 
(M) where the cells are dividing: the chromosomes are segregated and the cell is diving into two (Figure 6). 
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The interphase is divided in three parts: the G1 phase (or growth phase) where the cells prepare for DNA syn-
thesis via an increase in its biosynthesis acƟviƟes; the S phase where the DNA replicates and the G2  phase 
where the cells check that the replicaƟon was correct and prepare for the mitosis (increase in microtubules 
formaƟon for instance). 

(2) Cell cycle regulation by cyclins and CDK 

Each phase of the cycle is regulated (Figure 6). There are checkpoints that need to be passed before entering 
in the next phase. The cyclins and cyclin-dependent kinases (CDKs) are the master regulator of the cell cycle. 
They are only acƟve as heterodimers. Cyclins and CDKs form respecƟvely the regulatory and the catalyƟc 
subunits of an acƟvated heterodimer. Cyclins have no catalyƟc acƟvity and CDKs are serine threonin kinases 
inacƟve in the absence of a cyclin. When acƟvated by cyclin binding, CDKs phosphorylate target proteins to 
orchestrate coordinated entry into the next phase of the cell cycle. Different cyclin-CDK combinaƟons deter-
mine the downstream proteins targets. CDKs are consƟtuvely expressed while cyclins are regulated by tran-
scripƟonal and post-translaƟonal (ubiquiƟnaƟon) modificaƟons at specific stages of the cell cycle in response 
to various signals. There are three cell cycle checkpoints, the first one between the phases G1/S, the second 
one between the phases G2 and M and the third one in M phase. The cell cannot proceed to the next phase 
unƟl checkpoint requirements have been met.

The first control is taking place during the G1 phase. Prior to that, a cell exits the cell cycle and enters in G0 
phase if specific mitogenic and growth signals are absent. AŌer sƟmulaƟon by mitogens, cyclin D is up-regu-
lated by the Ras / MAPKinase pathway which acƟvates the transcripƟon factor Myc. Cyclin D associates with 
CDK4 or CDK6, depending on the cell type. Since cyclin D is constantly degraded by the S-phase promoƟng 
complex (SPC), the formaƟon of the complex cyclin D / CDK is the result of equilibrium between cyclin D syn-
thesis and degradaƟon. CDK4 and CDK6 are then acƟvated via dephosphorylaƟon by CDC25 A (cell division 
cycle 25 A). The acƟve cyclin D/CDK4/6 complexes phosphorylate the reƟnoblastoma protein; Rb (Figure 7). 
Rb is one of the pocket proteins (together with p107 and p130) and funcƟons as a tumor suppressor. Rb in 
its hypophosphorylated form is acƟve and represses cell cycle progression by inhibiƟng E2F transcripƟon fac-
tors, which are necessary for S phase entry. 

Later in the G1 phase, cyclin E is induced, which associates with CDK2. CDK2 is then acƟvated via dephos-
phorylaƟon by CDC25 A (Figure 7). The acƟve complexes target Rb proteins for phosphorylaƟon. Once Rb is 
phosphorylated over a certain threshold, it is deacƟvated and the bound transcripƟon factors E2F are now 
released (Figure 7). E2F induces the transcripƟon of genes such as cyclins, cyclin-dependent kinases, compo-
nents of the pre-replicaƟon complex such as Mcms and Orc6, and DNA synthesis genes like DNA polymerase, 
topoisomerases, dihydrofolate reductase (DHFR) and thymidylate synthase (TS), that will allow the transiƟon 
from G1 to S. 

Two families of genes, the cip/kip family (CDK interacƟng protein/Kinase inhibitory protein) and the INK4a/
ARF (Inhibitor of Kinase 4/AlternaƟve Reading Frame) prevent the progression of the cell cycle via blockage 
in G1 phase. Because these genes are instrumental in prevenƟon of tumor formaƟon, they are classified 
as tumor suppressors. The INK4 family has four members (p16INK4a, p15INK4b, p18INK4c, p19INK4d) that 

33 



34 



exclusively bind to and inhibit the D-type cyclin-dependent kinases (CDK4 and CDK6) (Figure 7). The Cip/Kip 
family has three members (p21CIP1/WAF1, p27KIP1, p57KIP2) that inhibit all CDK acƟviƟes during cell cycle. 

During the S phase the complex Cycline A/CDK2 acƟvated via dephosphorylaƟon by CDC25A phosphorylate 
proteins that maintain DNA replicaƟon, inacƟvate the transcripƟon factors of the G1 phase and stop the 
degradaƟon of the cyclinB.

Progression from G2 to M phase is regulated by the cyclinB/CDK1 complex (Figure 8). InacƟve cyclinB/CDK1 
complexes accumulate during the G2 phase. CDK1 is maintained in an inacƟve state by the tyrosine kinases 
Wee1 and Myt1. For the entry into mitosis CDK1 is acƟvated by desphorylaƟon by cdc25C (Figure 8). 

The third and last checkpoint happens at the end of the mitosis via the anaphase-promoƟng complex (APC), 
an E3 ubiquiƟn ligase that marks target cell cycle proteins for degradaƟon by the proteasome. APC induces 
ubiquiƟnaƟon and proteolyƟc degradaƟon of cyclin B and inacƟvaƟon of CDK1.

(3) DNA Damage Response

While the maintenance of genome integrity and fidelity is essenƟal for the survival of all organisms, genotox-
ic agents, replicaƟve mistakes and DNA instability are constantly modifying DNA [135]. Failure to repair DNA 
damage is involved among others in carcinogenesis [136, 137]. EukaryoƟc cells have evolved DNA damage 
response (DDR) to counteract the effects of DNA damage. Upon sensing DNA damage or stalls in replicaƟon, 
cell cycle checkpoints are acƟvated to arrest cell cycle progression to allow Ɵme for repair before the comple-
Ɵon of cell cycle (Figure 9). In addiƟon to checkpoint acƟvaƟon, the DNA damage response leads to induc-
Ɵon of DNA repair pathways, and when the level of damage is severe, to iniƟaƟon of apoptosis [138]. The 
DDR can regulate cell cycle checkpoints in response to damaged DNA. The DNA damage response pathway 
is a signal transducƟon pathway consisƟng of sensors, transducers and effectors (Figure 9). Once acƟvated 
by DNA damage, the DDR sensors such as Rad family members lead to the acƟvaƟon of the upstream pro-
tein kinases ataxia telangiectasia mutated (ATM) and ATM and Rad-3 related (ATR). Then adaptor proteins, 
including MDC1, 53BP1, BRCA1 and claspin, are recruited and acƟvate the downstream kinases checkpoint-1 
(CHK1) and 2 (CHK2). CHK kinases propagate the damage signal to effector molecules such as CDC25 and p53. 
The effector molecules halt cell-cycle progression, either transiently or permanently (senescence), or trigger 
cell death (apoptosis) (Figure 9). Those mechanisms are dependent upon signaling pathways mostly involving 
p53 but also p53 independent p21 pathways.

(a) p53: guardian of the genome

P53 is known as the guardian of the genome. In cells, p53 levels are low due to interacƟon with MDM2, 
which targets p53 for nuclear export and proteasome-mediated degradaƟon in the cytoplasm (Figure 10) 
[139]. AcƟvaƟon of p53 requires post-translaƟonal modificaƟons. PhosphorylaƟon of Serine 20 residue of 
p53 blocks p53/MDM2 interacƟon, resulƟng in p53 accumulaƟon. While phosphorylaƟon of Ser20 is impor-
tant to p53 stability, it is the phosphorylaƟon of Ser15 that appears crucial in enhancing p53 transcripƟonal 
transacƟvaƟon acƟvity [140]. The transcripƟonal ability of p53 is further augmented through acetylaƟon by 
p300/PCAF. 
Two groups of protein kinases acƟvate p53. First, protein kinases belonging to the MAPK family (JNK1-3, 
ERK1-2, p38 and MAPK) lead to p53 acƟvaƟon in response to several types of stress, such as membrane dam-
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Figure 9 : The DNA damage response
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Figure 10 : p53 guardian of the genome
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age and oxidaƟve stress. Second, the ATM/ATR protein kinases involved in the DDR pathway acƟvate p53 in 
response to DNA damage and p14ARF mediates oncogene dependent p53 acƟvaƟon (Figure 10). 
P53 is a transcripƟon factor allowing the expression of several genes involved in cell cycle regulaƟon (p21, 
GADD45..), angiogenesis (TspI), DNA repair (XPC, p48..) and apoptosis (Bax, Pig3..) (Figure 10). P53 depen-
dent repression of genes regulaƟng cell cycle progression including CDC25, CDC2, CHEK1, CCNB1 (encoding 
cyclin B1), TERT and BIRC5 (encoding survivin) are relying on p21 funcƟon [141, 142]. AŌer a stress, p53 ac-
ƟvaƟon leads to a cell cycle block and induce DNA repair proteins. If the DNA lesions are too important, p53 
induce pro-apoptoƟc genes.

(b) p21

As seen earlier, p21 belongs to the Cip/Kip family of CDK inhibitors. p21 binds and inhibits the kinase acƟv-
ity of the cyclin dependent kinases CDK1 and CDK2 leading to cell growth arrest in G2 and G1 respecƟvely. 
p21 possesses several effectors funcƟons (Figure 11). It mediates p53 dependent cell cycle arrest, stops the 
replicaƟon by inhibiƟng proliferaƟng cell nuclear anƟgen (PCNA) [143], controls cellular growth in response 
to notch1 acƟvaƟon [144] and suppresses the transacƟvaƟng acƟviƟes of STAT3 [145] and MYC [146]. The 
p21 dependent inhibiƟon of E2F1 acƟvates gene transcripƟon by de-repressing p300–CREBBP (CREB-binding 
protein) that acƟvates cdkn1a gene expression [147]. The p21-dependent acƟvaƟon of p300–CREBBP-driven 
gene transcripƟon induces the differenƟaƟon of ERα-posiƟve cells [148]. This is important as p21 up-regula-
Ɵon is sufficient to prevent the growth of ERα-posiƟve breast cancer cells [149] and may affect the efficacy 
of anƟ-estrogen treatments. 
Upon phosphorylaƟon by Akt, p21 accumulates in the cytoplasm. This form of p21 is found in human ma-
lignancies such as breast tumors and correlates posiƟvely with aggressive tumors and poor prognosis [150-
152]. Cytoplasmic p21 represses apoptosis inhibiƟng directly pro-apoptoƟc proteins such as pro-caspase 3 
[153-155] or by inhibiƟon of apoptosis signal-regulaƟng kinase 1 (ASK1) [156]. 
p21 is also regulated by many different pathways independently of p53 (Figure 11). Oncogenic Ras and Raf 
have been shown to acƟvate cdkn1a transcripƟon through p53 independent mechanisms and induce p21 
dependent oncogene induced senescence (OIS) [157, 158]. cdkn1a transcripƟon is also acƟvated by several 
nuclear receptor including reƟnoic receptors, vitamin D receptors and androgen receptors [159] or several 
members of the Kruppel-like transcripƟon factor (Klf) family, tumor suppressor key transcripƟonal regulators 
of proliferaƟon and differenƟaƟon [160]. KLF family members have been shown down-regulated in several 
cancers [161-163]. p21 has been recently shown to be transacƟvated by p150sal2 [164]. p150sal2 belongs to 
the SALL family composed of SALL1, SALL2, SALL3 and SALL4 [165-167]. They are zinc fingers transcripƟon 
factors. SALL1, SALL3 and SALL4 are involved in the embryonic development of limbs [167] and nerves [168] 
and stem cell differenƟaƟon [169]. SALL2 is not involved in embryonic development but seems to be a puta-
Ɵve tumor suppressor. SALL2 was first idenƟfied as a binding partner of mouse polyoma virus large T anƟgen 
[170, 171] and later on has been shown to have a role in the establishment and maintenance of the quiescent 
state induced by serum deprivaƟon [171]. 

(4) G1 and G2 checkpoints 

As seen earlier the progression through G1 phase requires a phosphorylaƟon of Rb dependent on cyclinD/
CDK4-6 complexes (Figure 7). This complex is negaƟvely regulated via phosphorylaƟon by the INK4 family 
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members and Glycogen synthase kinase 3  (GSK-3). Lack of growth factors, hormones, differenƟaƟon, 
TGF, oncogen acƟvaƟon, stress or UV acƟvates those inhibitors inducing an arrest of the cell cycle. 
The main funcƟon of the restricƟon point is to prevent damaged DNA from being replicated. Central to the 
restricƟon point is the accumulaƟon and acƟvaƟon of the p53 protein; two properƟes carefully controlled by 
the ATM and ATR kinases (Figure 7) [172, 173]. Following DNA damage, ATM acƟvates downstream kinase 
CHK2 (by phosphorylaƟon) [174], which in turn phosphorylates Ser20 residue of p53. ATM exerts a second 
control measure on p53 stability by directly phosphorylaƟng the p53 negaƟve regulator MDM2 [175].  This 
modificaƟon allows MDM2/p53 interacƟon, but prevents p53 nuclear export to the cytoplasm where deg-
radaƟon would normally occur. The Ser15 residue of p53 can be phosphorylated directly by ATM or ATR in 
response DNA damage. p53 is also stabilized by p14ARF induced by oncogene acƟvaƟon or CHK1 (Figure 7). 
AcƟvated p53 then up-regulates a number of target genes, several of which are also involved in the DNA 
damage response (14.3.3, MDM2, GADD45a, and p21/Cip). The accumulaƟon of p21, a cyclin-dependent 
kinase inhibitor, suppresses Cyclin E/Cdk2 kinase acƟvity thereby resulƟng in G1 arrest. p21 can also be up-
regulated by p53 independent pathways. The cyclin E / CDK2 complex is also inhibited by another member 
of the CIP/KIP family, p27Kip1, induced among others by TGFand serum deprivaƟon. In addiƟon CHK1 ac-
Ɵvated by ATR phosphorylates CDC25A which induce its proteasomal degradaƟon. Lack of CDC25A prevents 
CDK2 phosphorylaƟon and subsequent acƟvaƟon.

The G2/M DNA damage checkpoint serves to prevent the cell from entering mitosis (M-phase) with genomic 
DNA damage. DNA damage acƟvate the ATM/ATR kinases, which relay two parallel cascades that ulƟmately 
serve to inacƟvate the CDK1-Cyclin B complex (Figure 8). The first cascade rapidly inhibits progression into 
mitosis and relies on inhibiƟon of CDC25C by CHK dependent phosphorylaƟon, which creates a binding site 
for the 14-3-3 proteins. The 14-3-3/ CDC 25C protein complexes are sequestered in the cytoplasm, thereby 
prevenƟng CDC25C from acƟvaƟng CDK1. The slower second parallel cascade involves p53 dependent path-
way. The second cascade consƟtutes the p53 downstream regulated genes including: 14-3-3, which binds to 
the phosphorylated CDK1-Cyclin B complex and exports it from the nucleus; GADD45, which binds to and 
dissociates the CDK1-Cyclin B complex; and p21 [176, 177]. 

(5) Association of cell cycle actors to tumors development 

In cancer, there are fundamental alteraƟons in the geneƟc control of cell division, resulƟng in an unrestrained 
cell proliferaƟon. MutaƟons mainly occur in two classes of genes: proto-oncogenes and tumor suppressor 
genes. Mutated versions of proto-oncogenes or oncogenes can promote tumor growth. InacƟvaƟon of tu-
mor suppressor genes like pRb and p53 results in dysfuncƟon of proteins that normally inhibit cell cycle 
progression. Cell cycle deregulaƟon associated with cancer occurs through mutaƟon of proteins important 
at different levels of the cell cycle. In cancer, mutaƟons have been observed in genes encoding CDK, cyclins, 
CDK-acƟvaƟng enzymes, CDKi, CDK substrates, and checkpoint proteins [178].
CDK. AlteraƟons of CDK in cancer have been reported, although with low frequency. 
Cyclins. Aberrant cyclin D1 has been reported in many human cancers such as parathyroid adenomas [179], 
B-cell malignancies [180], breast, esophageal, bladder, lung and squamous cell carcinomas [181]. Cyclin D2 
and cyclin D3 have also been reported to be over-expressed in some tumors and cyclin E has been found to 
be amplified, over-expressed or both in some cases of breast and colon cancer and in acute lymphoblasƟc 
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and acute myeloid leukaemias [182-185]. Both cyclin A and cyclin E are over-expressed in lung carcinoma and 
elevated expression of cyclin A but not cyclin E correlated with shorter survival [186]. 
CDK acƟvaƟng enzymes. Cdc25A and Cdc25B are potenƟal human oncogenes [187]. CDC25B is over-ex-
pressed in 32% of primary breast cancers. TranscripƟon of CDC25A and CDC25B genes is acƟvated by c-myc, 
an oncogene found to be frequently mutated in human cancers [188]. Raf, a kinase downstream of the fre-
quently mutated ras oncogene, is able to bind, acƟvate and deregulate CDC25 protein [189].
CDKi.  The p16 gene is altered in a high percentage of human tumors and can be inacƟvated by a variety of 
mechanisms including deleƟon, point mutaƟons and hypermethylaƟon [190]. DeleƟons of p16 have been 
reported in approximately 50% of gliomas and mesotheliomas, 40–60% of nasopharyngeal, pancreaƟc and 
bilary tract tumors and 20–30% of acute lymphoblasƟc leukaemias [181]. Large deleƟons of the ARF-INK4 
locus can also affect the p19 gene, resulƟng in alteraƟon of p14ARF and in deregulaƟon of p53. The gene 
encoding p15 is located close to the p16 gene on chromosome 9 and is also oŌen simultaneously deleted 
[191]. Loss of p27 expression has been reported for a number of human tumor types (lung, breast, and blad-
der) and has been correlated with poor prognosis and tumor aggressiveness. It has been shown in colorectal 
carcinomas that increased proteasome dependent proteolysis, rather than gene deleƟon, is responsible for 
p27 down-regulaƟon [192, 193]. A few alteraƟons have been found in p18 and p21 in breast tumor and leu-
kaemia, respecƟvely [194-196]. Although many human cancers such as colorectal, cervical, head and neck, 
and small-cell lung cancers are associated with reduced p21 expression [163, 197-201], the extreme rarity 
of loss-of-funcƟon mutaƟons in cdkn1a in human cancer [202-204] argues that p21 may not  be a classi-
cal tumor suppressor. cdkn1a -/- mice develop spontaneous tumors, but the loss of p21 by itself seems to 
be insufficient to promote malignancy [205]. However, cdkn1a deficiency accelerates the development of 
chemically induced tumors in mice [206-209]. cdkn1a deficiency also cooperates with the co-expression of 
HRAS and MYC [210]  to promote transformaƟon and proliferaƟon of cells in culture. P21 promotes genomic 
stability, for example cdkn1a deficiency cooperated with a genomically unstable background i.e. loss of ATM 
in promoƟng aneuploidy that preceded tumor development [211]. 
pRB. pRb, the most important CDK substrate during G1 phase, is frequently mutated in human reƟnoblas-
toma and lung cancer [181, 212]. Approximately 90% of human cancers have abnormaliƟes in some compo-
nent of the pRb pathway [181].
DDR.  p53 gene is known to be the most frequently mutated gene in human cancer [213, 214]. More than 
one half of human cancers expressed a mutated or deleted p53 [215]. This highlights the important role of 
p53 in prevenƟng cancer development. A geneƟc disorder, Li-fraumeni syndrome due to an autosomal domi-
nant mutaƟon of p53 [216]. The cancers most oŌen associated include breast cancer, osteosarcoma, soŌ 
Ɵssue sarcomas, brain tumor and leukemia. Over-expression by gene amplificaƟon or other mechanisms of 
MDM2, the negaƟve regulator of p53, has been reported in leukaemia and lymphoma, breast carcinoma, sar-
coma and glioma and may represent an alternaƟve mechanism to p53 mutaƟon for escaping p53-mediated 
growth control [217-219].
A deleƟon-mutaƟon of the CHEK2 gene is associated with an increased risk of breast cancer, parƟcularly in 
the European populaƟon [220]. 

b) EBV cell cycle deregulation 

The EBV proteins involved in the transformaƟon of cells are EBNA1, EBNA2, EBNA3c, EBNA-LP, LMP1 and 
LMP2A. AŌer infecƟon EBNA2 induces cell proliferaƟon and mediate the transcripƟon of cellular genes which 
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contribute to the transformaƟon [221-225]. In vitro it has been shown that EBNA2, EBNA3C and LMP1 can 
induce a LCL like phenotype when expressed individually in B cell lines [226].
More precisely, EBV is deregulaƟng the cell cycle by affecƟng p53, cyclins, oncogenes, proteins of the DDR 
and miRNA (Table 5).

Effect EBV protein Cellular target Refs
P53 inhibiƟon EBNA-1 p53 destabilizaƟon [227]

EBNA-3C P53 inhibiƟon [228]
HDM2 stabilizaƟon [229]

EBNA-3C InhibiƟon of ING4 and ING5 [230]
EBNA-LP HMD2 stabilizaƟon [231]

Cell cycle progression EBNA2 and EBNA-LP Cyclin D2 [39]
EBNA-3C Cyclin D1 [232]
EBNA-3C Increase cyclin A / Cdk2 acƟvity [233]
LMP1 Up-regulaƟon of cyclin D1 [234]

CDKi inhibiƟon LMP1 p16 reducƟon [234]
EBNA-3C P27 inhibiƟon [235]

Cellular oncogene acƟvaƟon EBNA-2 Increase c-myc transcripƟon [221]
EBNA3-C Increase c-myc stability [236]

DDR inhibiƟon EBNA-3 Chk2 inhibiƟon [237]
pRb inhibiƟon EBNA-3C MRS18-2 binding to pRb [238, 239]

Table 5 : AlteraƟon of cell cycle regulators by EBV proteins.

 

First, EBV interferes with p53. EBNA-1 has been show to bind USP7 an ubiquiƟn-specific protease [240]. 
Since USP7 was shown to bind and deubiquiƟnate p53, resulƟng in p53 stabilizaƟon [227], it is possible that 
the binding of USP7 by EBNA1 would induce p53 destabilizaƟon, therefore promoƟng cell cycle progression. 
EBNA-3C interacts also with p53 and modulates its transcripƟonal and apoptoƟc acƟviƟes [228]. EBNA3C 
facilitates p53 degradaƟon by stabilizing its negaƟve regulator MDM2 [229]. EBNA-3C abrogates the effect 
on p53 of inhibitor of growth 4 and 5 (ING4 and ING5) proteins [230], which have been shown to enhance 
p53-dependent apoptosis in response to DNA damage [241]. EBNA-LP was found to bind MDM2 and forms 
a trimolecular complex EBNA-LP, p53 and MDM2 which might inacƟvate the transacƟvaƟng funcƟon of p53 
[231]. Altogether those data would explain why LCL can tolerate a high level of p53.
EBV acts also directly at the cyclin levels. EBNA2 and EBNA-LP cooperate to acƟvate cyclin D2 therefore driv-
ing the B cells from G0 into G1 phase [39].  EBNA-3C has also been shown to stabilize and enhance the func-
Ɵon of cyclin D1 thus facilitaƟng the transiƟon G1/S [232] and increase cyclin A dependent acƟvity promoƟng 
S phase progression [233]. LMP1 up-regulates cyclin D1 expression and concomitantly reduces p16 expres-
sion [234], acceleraƟng the G1/S phase transiƟon and blocking the G2/M phase checkpoint. 
EBV is also tempering with the proto-oncogene c-myc. EBNA-2 is driving its transcripƟon thus inducing cell 
growth [221]. EBNA3-C interacts and increases the stability of c-myc [236]. 
The EBNA-3 proteins bind to and inhibit CHK2 and thereby may promote G1/S transiƟon and disrupt the 
G2/M checkpoint [237]. 
EBV interferes with the pRb pathway. Indeed EBNA-3C decreases the level of phosphorylated pRb and p27 in 
rat fibroblasts [235]. However, it sƟll remains controversial if EBNA-3C mediates the degradaƟon of pRb and 
p27 via acƟvaƟon of  the Skp, Cullin, F-box containing (SCF) complex  leading to ubiquitylaƟon and further 
degradaƟon of the cell cycle regulators [242-244] and target MRS18-2, a pRb binding protein, to the nucleus 
increasing the amount of free E2F1 [238, 239].
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The miRNA encoded by EBV are also playing a role in the alteraƟon of the cell cycle. But their precise target 
are not very clear [72].
In Endemic BurkiƩ’s lymphoma, the exact mechanisƟc of tumorigenesis is sƟll under debate but two theo-
ries have emerged. The first one speculates that chronicles Plasmodium falciparum infecƟon triggers B cells 
responses [245] and induce the expression of cyƟdine deaminase in germinal center which leads to c-myc 
translocaƟon in EBV infected B cells [245, 246]. The translocaƟon of c-myc induced an uncontrolled cellular 
proliferaƟon (inducƟon of cyclins and repression of p27) a reduced apoptosis threshold [247] and immune 
inhibitory acƟviƟes. However the expression of c-myc alone would not be enough to induce a cancer since it 
will also lead the cells to apoptosis. Therefore these signals might be provided by other anƟ-apoptoƟc onco-
genes such as EBNA1. The second based on immune escape will be described later.

c) HPV cell cycle deregulation

HPV is pushing the host cell to replicate in order to expand its genome. The mechanisms of cell cycle deregu-
laƟon by HPV are well known and rely mainly on its oncoproteins E6 and E7 (Table 6).
HP16E7 associates with pRb and disrupt the binding between pRb and E2F [248]. Therefore E2F is free to 
transacƟvate cellular proteins required for the replicaƟon bypassing the need for cyclin D-CDK4 or -6. E7 
interacts also with other cell cycle proteins. Furthermore, E7 can bind and acƟvates directly the complexes 
cyclin E/CDK2 and cyclin A/CDK2 [249, 250], allowing CDK2 sustained acƟvity. Moreover, HPV16E7 has been 
shown to increase indirectly CDC25A expression [251], thus reinforcing the acƟvaƟon of CDKs. E7 is also trig-
gering cell proliferaƟon by binding to HDAC [252] components of the AP1 transcripƟon complex [253] and 
inhibiƟng p21 and p27 [254, 255]. 

Effect

HPV protein Cellular target References

pRb inhibiƟon E7 pRb binding [248]
Cell cycle progression E7 AcƟvaƟon of cyclin E/CDK2 [249, 250]

E7 AcƟvaƟon of cyclin A/CDK2 [249, 250]
CDK acƟvaƟng enzymes E7 increase CDC25A expression [251]
AP1 transcripƟon complex E7 InhibiƟon of HDAC [252]

E6_PDZ DegradaƟon of DGL-1 [265]
CDKi E7 InhibiƟon of p21 [254]

E7 InhibiƟon of p27 [255]
p53 E6 E6AP mediated P53 degradaƟon [172, 173]

E6 Direct inhibiƟon of p53 [257]
E6 InhibiƟon of Tip-60 [260]
E6 InhibiƟon of p300–CBP [259]
E6 InhibiƟon of ADA3 [258]

TransformaƟon E6 TransformaƟon / tumorigenesis [263]
Apoptosis E6 InhibiƟon of Bak [264]

E6_PDZ InducƟon of cIAP [266]
E6 InhibiƟon of FADD and pro-caspase 8 [267]
E6 TransacƟvaƟon of Survivin [268]

Table 6: AlteraƟon of cell cycle regulators by HPV proteins.

The effect of E7 on the cell cycle depends on the amount of CDKI in the cell and also on the level of E7 itself. 
In fact to overcome the cell cycle arrest depending on p21 and p27, the level of E7 should be high enough. 
This might explain why not all the cells infected by HPV16 undergo malignant transformaƟon [256]. The de-
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regulaƟon of E7 expression is an important factor in the development of cancer. 
In cells infected with HPV16 and other HPV high risk types, E6 interacts with several cellular proteins. In 
parƟcular, it recruits the cellular E3 ubiquiƟn ligase E6-associated protein (E6AP) which leads to ubiquityla-
Ɵon and proteasomal degradaƟon of p53 [172, 173]. This prevents growth arrest or apoptosis in response to 
E7 driven cell cycle entry.  E2F increase and E2F/pRb complex decrease lead to the accumulaƟon of p14ARF 
which inhibit MDM2 and induce an increase in p53 and growth arrest or apoptosis. To counteract this effect, 
E6 binds directly to p53 repressing its transacƟvaƟonal acƟviƟes [257]. E6 reduces greatly p53 levels, but p53 
is sƟll able of being acƟvated by DNA damage. Therefore, E6 by associaƟng with the histone acetyltransferase 
Tip-60, p300–CBP and ADA3 prevents p53 acetylaƟon therefore inhibiƟng the transcripƟon of p53 depen-
dent genes [258-260]. Since E6 mutants deficient for degradaƟon of p53 can sƟll immortalize cells, addiƟonal 
targets p53 independent must also play an important role in the development of cancers [261, 262]. Indeed, 
E6 plays also a role in mediaƟng cell proliferaƟon through its PDZ ligand domain mediaƟng the degradaƟon 
of its PDZ cellular partners since transgenic mice encoding E6 proteins defecƟve for binding for PDZ proteins 
do not develop hyperplasia or tumors [263]. Moreover E6 inhibits the pro-apoptoƟc pathways by associaƟng 
with other proteins such as Bak [264].
Although the main acƟons of HPV on the cell cycle are through its oncoproteins, some others proteins such 
as E5 may play a role in this phenomenon. Indeed it has been shown that E5 synergized with EGF-receptor 
and the Akt pathway to enhance cell cycle progression via p27 down-regulaƟon [269]. This protein seems 
also to cooperate with E6 in inhibiƟng pro-apoptoƟc pathways. It has been shown that E5 is sƟmulaƟng the 
degradaƟon of bax by the proteasome [270].

The cervical neoplasia arises usually in an anatomical region called the cervical transformaƟon zone. It is 
thought that in this region high risk HPV type cannot properly regulate their viral cycle leading to a deregu-
late expression of viral proteins. The Ɵming of viral genes product expression is then disturbed and leads to 
progression (Figure 12). The changes in viral protein expression might reflect the changes in the levels of E6 
and E7 expression following the integraƟon of the viral DNA into the host genome. Furthermore, integraƟon 
might be an early event in cancer progression since integrated DNA is found in invasive cancer and CIN3 (Cer-
vical intraepithelial neoplasia) but also in some CIN1 lesions [271]. The integraƟon in the genome has two 
main consequences. The first one is the loss of E2 and E4 that lead to the deregulaƟon of the expression of 
E6/E7 and a suppression of the G2 arrest. The second one is the deregulaƟon of cellular genes at the site of 
integraƟon that might parƟcipate in cancer development [272].  Other environmental factors influence the 
development of cancer such as glucocorƟcoids and progesterone that affect the expression of viral genes 
[273, 274].

The combined acƟon of E7 and E6 induce cell cycle growth via E2F acƟvaƟon and impairment of the DNA 
damage response via E6 degradaƟon of p53. Cell cycle checkpoints are compromised by the acƟon of these 
oncoproteins. Indeed, in case of persistent acƟve infecƟon the constant proliferaƟon induced by E7 and the 
loss of p53-mediated DNA damage response due to E6 induce genome instability increasing the chance of 
mutaƟon for the host cell [275].  As a maƩer of fact, the accumulaƟon of somaƟc mutaƟons in the infected 
cell is a prerequisite to cancer development.
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2. IMMUNE RESPONSE TO ONCOVIRUSES AND ESCAPE 

As the persistence of oncogenic virus is required to cancer development, the quick clearance of those onco-
viruses by the host immune system is crucial. Indeed, immunosuppressed paƟent are more prone to develop 
oncovirus associated cancer. First, I will introduce the immune responses involved in recogniƟon and further 
clearance of oncoviruses. Then I will develop the mechanisms of immune evasion developed by oncoviruses. 
The immune response relies on two steps: the innate and adapƟve immune responses. The innate immune 
response is “non-specific” of the pathogen and provides immediate response, and then the adapƟve im-
mune response specific of the anƟgen is then acƟvated. Both innate and adapƟve immune responses will 
allow the clearance of the infecƟon.

a) Immune response to oncoviruses

(1) Innate response

The innate immune system is the first line of defense against invading pathogens and depends on immune 
and non immune cells. It includes physical barriers, humorals barriers and cellular components. The epitheli-
um forms a physical barrier impermeable to most infecƟous agents. Furthermore epithelium secretes chemi-
cal factors such as lysozyme and phospholipase (found in tears) to limit infecƟon. The humoral components 
of the innate immunity include the complement system, the coagulaƟon system, anƟmicrobial pepƟdes and 
chemokines and cytokines.  In response to an invading pathogen, epithelial cells will release cytokines and 
chemokines that will acƟvate immune cells present in the epithelium such as Langerhans cells (LC) in the skin 

Figure 13: Type I interferon signal transducƟon
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and recruit immune cells to clear the infecƟon. Innate immune responses rely on PaƩern RecogniƟon Recep-
tor (PRR) able to recognize Pathogen Associated Molecular PaƩerns (PAMPs) of all class of microorganisms. 
There are four families of receptors including toll-like receptors (TLRs), nucleoƟde-binding oligomerizaƟon 
domain (NOD)-like receptors (NLRs), reƟnoic acid inducible gene-I (RIG-I)-like receptors (RLRs) and the Pyhin 
family. PRRs were recently involved in the sensing of endogenous ligands, referred as Danger Associated 
Molecular PaƩerns (DAMP), released by cells in non infecƟous condiƟons such as stress, injury or cell death 
[276]. Those receptors are localized at the membranes (TLR) or in the cytosol (RLR, NLR and pythin sensors). 
Their localizaƟon is closely linked to the nature of the DAMP/PAMP they sense. For instance, TLRs (1/2/4/5/6) 
involved in bacterial and fungi recogniƟon are expressed at the cell surface, with TLRs specialized in virus 
recogniƟon through sensing of nucleic acids (TLR3/7/8/9) are located within the endosomes. In addiƟon to 
TLRs, two recently described families of cytosolic innate sensors are involved in virus recogniƟon; (i) the RNA 
helicases and (ii) the cytosolic DNA receptors (DAI, AIM2, and IFI16/p204). The cytoplasmic RNA helicases, 
RIG-I and melanoma differenƟaƟon associated gene 5 (MDA5) and DDX1/DDX21/DHX36 complex, sense RNA 
or DNA viruses that replicate in the cytosol via an RNA intermediate. Pyhin family of DNA sensors would be 
involved in the detecƟon of DNA from viruses and intracellular bacteria. Finally, NLRs includes NOD1/2 in-
volved in bacterial recogniƟon as well as the NLRP family members that sense various PAMP and DAMP. 
The binding of those receptors with their cognate ligands lead to recruit members of the interleukin-1 recep-
tor-associated kinase (IRAK) and tumor necrosis factor receptor-associated factor (TRAF) families leading to 
the acƟvaƟon of transcripƟon factors such as Nuclear factor kappa b (NFB), the interferon regulatory factors 
(IRFs) and the mitogen acƟvated proteins kinases (MAP kinases). The acƟvaƟon of these pathways relies on 
various adaptors downstream of the different PRR: myeloid differenƟaƟon factor 88 (MYD88) and TIR-do-
main containing adaptor inducing interferon  (TRIF) for TLR, mitochondrial anƟviral signaling (MAVS) (also 
known as IPS1/CARDIF/VISA) for RNA helicases, sƟmulator of interferon genes (STING) for most DNA sensors 
and apoptosis-associated speck-like protein (ASC) for NLRP. Triggering of those PRRs results in the inducƟon 
of pro-inflammatory cytokines, type I IFN and chemokines that altogether parƟcipate in the establishment of 
an adjusted innate and adapƟve immune response.
One of the most important group of cytokines in the response against viruses is the type I IFN [277]. Type 
I IFN comprises 13 subtypes of IFN, IFN, IFN and IFN specific of keraƟnocytes [278, 279]. Type I IFNs 
bind to alpha interferon receptors 1 and 2 (IFNAR1 and -2), resulƟng in receptor dimerizaƟon. In the classical 
pathway, the receptor-bound Janus kinases (Jaks) and the non receptor tyrosine kinase 2 (Tyk2) are acƟvated 
and cross-phosphorylate each other (Figure 13). AcƟvated Jaks phosphorylate IFNAR1 and -2, which then 
serve as Src homology 2 domain docking sites for signal transducers of acƟvated transcripƟon 1 and 2 (STAT1 
and -2). STAT1 and -2 are subsequently phosphorylated by acƟvated Jak1 and Tyk2. Phosphorylated STATs 
heterodimerize and interact with interferon regulatory factor 9 (IRF9) to form the acƟve transcripƟonal factor 
complex interferon-sƟmulated gene factor 3 (ISGF3), which regulates the expression of interferon-sƟmulated 
genes (ISGs) [280]. Majority of human cells are able to produce type I IFN during viral infecƟon. However the 
pDCs can induce up to one thousand Ɵme more IFN than other cell types in response to enveloped viruses 
especially via TLR7 and TLR9. Beside their direct anƟ-viral acƟviƟes, type I IFN display anƟ-proliferaƟve, anƟ-
angiogenic and immunosƟmulatory properƟes. Actually, type I IFN can modulate the innate immune response 
by contribuƟng to NK cell homeostasis and acƟvaƟon [281]. They also modulate adapƟve immune response 
by inducing phenotypical and funcƟonal maturaƟon of immature DCs such as up-regulaƟon of CD83, MHC 
Class I and II, CD40, CD80 and CD86 and increase ability to sƟmulate T cell proliferaƟon [282-284]. Type I IFNs 
license DCs to present exogenous anƟgens to CD8+ T cells, then allowing the cross-priming of CD8+ [285]. 
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This cross-priming has been shown to be important in clearing viral infecƟon and in cancer treatment [286]. 
Moreover, they also drive the T cell response toward a Th1 type [287] and enhance CD8+ T cells responses 
during cross-priming [288]. In addiƟon, they enhance the anƟgen presentaƟon of infected cells by increasing 
the level of MHC Class I molecules  [289]. The earliest immune response to EBV infecƟon is the producƟon 
of type I IFNs. EBV recogniƟon by the innate immune system and trigger this cytokine producƟon. In vitro, 
IFN producƟon peaks 24 hours aŌer infecƟon and is mainly produced by T cells and NK cells [290, 291]. This 
producƟon of type I IFN is important within the first 24h to inhibit EBV infected B cell proliferaƟon because 
aŌerwards the cells become resistant to type I IFN [292]. 
Direct anƟviral acƟviƟes rely on three major interferon responsive genes induced by type I IFN; the protein 
kinase K (PKR), le 2’5’oligoadenylate synthetase (2’5’OAS) and the Mx proteins. Mx proteins are GTPases 
which bind to nucleocapsids of some viruses altering their intracellular transport [293] and interfere with the 
viral polymerase acƟvity during the viral transcripƟon [294]. The 2’5’ OAS acƟvates the RNaseL in response to 
dsRNA to degrade viral and cellular RNAs thereby blocking viral infecƟons [295]. PKR is acƟvated by dsRNA, 
polyanionic molecules or caspases 8, 3 or 7. Upon acƟvaƟon the main funcƟon of PKR is to phosphosphory-
late eIF-2a therefore blocking protein translaƟon [296]. PKR regulates also phosphatase 2A (PP2A)-mediated 
dephosphorylaƟon of BCL2 via B56 phosphorylaƟon to induce apoptosis [297]. In addiƟon, PKR enhance 
the inducƟon of IFN and apoptosis mediated by RLR in response to measles virus infecƟon [298] and is re-
quired for type I IFN producƟon in response to encephalomyocardiƟs, Theiler’s Murine encephalomyeliƟs, 
Semliki Forest virus and west Nile virus [299, 300]. 
AddiƟonal cytokines play also a key role in innate immune response, IL1 and IL18 that belong to the IL1 fam-
ily. Those cytokines are produced in a pro-form that must be cleaved into an acƟve form by caspase-1. AcƟ-
vaƟon of NLRP-1 and -3, as well as the DNA sensors AIM2, triggers the formaƟon of a mulƟprotein complex 
termed inflammasome, which leads to caspase 1 acƟvaƟon and proteolyƟc cleavage of pro-interleukin (IL)-1/
IL-18 aŌer microbial, DAMPs or genomic DNA sensing. IL-1 is a pro-inflammatory cytokine involved in sev-
eral inflammatory events, such as fever [301], hyperalgesia [302], and hepaƟc acute-phase protein sƟmula-
Ɵon [303], bone marrow cell number increases [304], neutrophil progenitors proliferaƟon [305], acƟvaƟon of 
mast cells [306] and inducƟon of neutrophil migraƟon and survival [307, 308]. IL18 plays an important role in 
the priming of NK cells which are important in the killing of cancer cells lacking MHC Class I molecules [309]. 
Furthermore, IL1 and IL18 sƟmulate innate immunity by acƟvaƟng neutrophils and macrophages to engulf 
pathogens and to release reacƟve oxygen species (ROS) and nitrogen radicals [310, 311]. IL-1 and IL-18 play 
prominent roles in polarizing T helper responses. IL-18 is important for the inducƟon of the Th1 response 
[312]. By inhibiƟng IFN and Th1 immunity, IL-1 contributes to polarizaƟon towards a Th17 response. In 
addiƟon, IL1/IL18 responses are very important in host defense against virus [313] or in the inducƟon of 
innate immunity against tumor [314]

(a) Toll like receptors

(i) Introduction 

The Toll protein was first described in drosophila where it mediates dorso ventral paƩern during development 
[322] as well as immunity to pathogens [323]. The Toll protein is a receptor that mediates the producƟon of 
anƟ-fungal pepƟdes. Similar genes have been found in vertebrates [324]. So far, 13 TLRs have been idenƟfied 
in mammals, TLRs 1-9 are conserved between humans and mice, TLR10 is expressed only in humans whereas 
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TLRs 11-13 are present in mice but either absent or non funcƟonal in humans [325]. 

(ii) Structure and signaling. 

The TLR are type I transmembrane glycoprotein. They are characterized by three domains, an ectodomain 
consƟtuted of 16 to 28 extracellular leucine rich repeat (LRR) domains [315], a transmembrane -helix do-
main and an intracellular domain Toll IL1 receptor (TIR) domain homologous to the intracellular domain of 
the IL1 and IL18 receptor [316] . The LRR domains form a horseshoe-like structure involved directly in the 
binding of PAMPs and DAMPs. The study of the crystal structure of TLR3 bound to dsRNA has suggested that 
the ligand bridge two TLR molecules forming a dimer between the ectodomains to dimerize the cytoplasmic 
TIR domain [317, 318]. Most TLRs are homodimeric but TLR1/2 and TLR2/6 funcƟon as heterodimers. The 
conformaƟonal change of the receptors triggers the recruitment of specific adaptors to the intracellular TIR 
domains [319]. To date four posiƟve adaptors MyD88, TIR domain-containing adaptor protein (TIRAP or Mal), 
TIR domain-containing adaptor inducing IFN (TRIF or TICAM-1) and TRIF-related adaptor molecule (TRAM 
or TICAM2) and one negaƟve adaptor sterile alpha and TIR moƟf containing (SARM), which block TRIF de-
pendent signaling have been described [319, 320]. The adaptor MyD88 is used by all TLRs but TLR3. However 
TLR1, TLR2, TLR4 and TLR6 require Mal as a bridge between their TIR domain and MyD88.

(iii) Ligand and expression.

TLRs can be broadly divided in two groups. The cell surface expressed TLRs (TLR1, TLR2, TLR4, TLR5 and TLR6 
in humans) that will respond mainly to bacterial and viral surface associated PAMPs and the endosomal TLRs 
(TLR3, TLR7, TLR8 and TLR9 in human) that will mainly respond to nucleic acid. As specified in table 7, TLRs 
are also cell type specific and thereby regulate innate immune responses by different cell type. There is in-
creasing evidence that TLRs beside their role in recognizing PAMPs are also able to recognize DAMPs released 
by injured Ɵssue or dying cells (Table 7). One can quesƟon some of the endogenous ligands since some dem-
onstraƟons have used ligands purified from bacterial systems or that display high affinity for bacterial prod-
ucts [321]. However the work from Zitvogel and collaborators showed in vivo that endogenous ligands (such 
as HMGB1) were generated during chemotherapy-induced cell death and triggered TLR4 [276].
TLR2 recognizes PAMPs derived from viruses such as hemagluƟnin from measles virus, bacteria such as tri-
acyl lipopepƟdes, pepƟdoglycan (PGN) and lipoteichoids acid (LTA) from gram posiƟve bacteria, porin from 
Neisseria, fungi such as zymosan and parasites such as GPI from T. gondii [322]. TLR2 heterodimerize with 
TLR1, TLR6 or non TLR molecules such as CD36, CD14 or decƟn-1 depending on the structure of the ligands. 
For the recogniƟon of MALP2 and PGN it needs to associate with TLR6. TLR2 is also acƟvated by high mobility 
group box 1 protein (HMGB1)/nucleosome complexes released by apoptoƟc cells involved in systemic lupus 
erythematosis (SLE) pathology [323]. Hmgb1, Hmgb2 and Hmgb3 code for proteins highly similar containing 
DNA-binding domains. HMGB1, the most studied is ubiquitously expressed nuclear protein that modulates 
chromaƟn accessibility and transcripƟon [324, 325]. AcƟve HMGB1 is released from cell following necrosis, 
immune cell acƟvaƟon, TLR sƟmulaƟon, autophagy or secondary necrosis due to apoptosis [326-330]. Post-
translaƟonal modificaƟons including phosphorylaƟon, acetylaƟon and oxidaƟon influence the localizaƟon 
and the funcƟon of HMGB1 [331-333]. HMGB1 has a pleiotropic chemotacƟc acƟvity and is involved in Ɵssue 
regeneraƟon [324, 334, 335].
TLR4 was first recognized to be the receptor for LPS of gram-negaƟve bacteria [336]. It is involved in the 
recogniƟon of bacteria through LPS, viruses through their structural proteins, parasite through GPI and fungi 
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through mannan. In order to recognize LPS TLR4 needs a co-receptor MD2 that is triggering TLR4 clustering 
[337]. The TLR4 response to LPS is enhanced by seric or cell bound CD14 and HMGB1 that bind specifically 
to LPS [338].
The engagement of TLR4 with its ligand recruits the TIR domain-containing adaptor TIRAP and Myd88 which 
leads to early NFB acƟvaƟon.  The complex is then internalized in the endosome where it recruits TRAM 
and TRIF which leads to IRF3 and late NFB acƟvaƟon and producƟon of inflammatory cytokines (early and 
late NFB acƟvaƟon are required) and type I IFN [339] (Figure 14). TLR4 is the only TLR that can recruit the 
four adapters.  
TLR5 has been shown to recognize only the flagelin of bacteria. It is expressed mainly on monocytes and 
epithelial cells where it allows the recogniƟon of bacteria that have invaded the intesƟnal epithelium [340]]. 
TLR5 is also important in the defense of the urinary tract against bacterial infecƟons [341]. 
In order to detect virus infecƟon, the cells display PRRs that are able to recognize nucleic acid in the endo-
somes. AŌer binding to the cell membrane, viruses may enter the cells by endocytosis and reach the endo-
somes or directly into the cytosol aŌer membrane fusion. TLR3, TLR7, TLR8 and TLR9 are expressed in the 
endosomes and can sense viral genome. TLR3, TLR9 and TLR7 are sequestered in the ER of unsƟmulated 
cells and translocate to the endosome via UNC93B binding [342] aŌer sƟmulaƟon. Deficiency in UNC93B 
abrogates the signaling of the endosomal TLRs but also affects anƟgens presentaƟon [343]. PRAT4A associ-
ates with TLR9 and is required for its trafficking to the endolysosome [344] and HMGB1 seems to accelerate 
the redistribuƟon of TLR9 to the endosomes [345]. TLR9, and more recently TLR3 and TLR7, were shown to 
require proteolyƟc cleavage by intracellular protease in endolysosomes to become a funcƟonal receptor 
[346-350]. 
TLR3 was originally idenƟfied as the receptor of polyinosinic-polycyƟdylic acid (poly (I:C)), syntheƟc analog of 
dsRNA which mimics viral infecƟon. TLR3 uses TRIF to acƟvate a pathway leading to an anƟviral response via 
acƟvaƟon of NF-kB and IRF3 and the inducƟon of type I IFN and inflammatory cytokine. The structure of TLR3 
bound to its ligand was solved by crystallography and gave precious insight on the recogniƟon mechanism 
between TLRs and their ligand [386]. TLR3 recognizes dsRNA viruses such as reoviruses and dsRNA produced 
during the course of the replicaƟon of ssRNA viruses such as West Nile virus [387]. TLR3 deficiency in humans 
is associated with suscepƟbility to herpes simplex virus type 1 (HSV-1) [388].
Single-stranded (ss) RNA from viruses are the natural ligands for TLR7 and TLR8. SƟmulaƟon of TLR7 and 
TLR8 is sequence dependent. AU-rich sequences only sƟmulate hTLR8 response while GU-rich sequences 
can trigger acƟvaƟon of human and mouse TLR7/8 with the excepƟon of mTLR8. The first ligand idenƟfied 
for TLR7 and TLR8 were syntheƟc small molecules such as imidazoquinolines and nucleoside analogues, such 
as Resiquimod (R848). Human TLR7 is expressed in B cells, pDC and eosinophils and hTLR8 in monocytes 
and mDC. TLR7 was shown to be central for in vivo IFN inducƟon, mediated by pDCs, in response to ssRNA 
viruses (VSV, influenza). TLR7 signaling has been shown to be important for B cell and CD4+ T cell responses 
[389], but also for the differenƟaƟon of CD8+ T cells [390]. TLR7 was shown to be central in vivo for the devel-
opment of anƟbodies against both MMTV and MuLV [391]. Recently, TLR7 has been also shown to recognize 
RNA from Group B streptococci in lysosomes of cDCs [392].
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PRR

Cellular expression Ligands Ref
Immune cells Non immune cells PAMP DAMP

TLR1/2 Monocyte, mDC, 
B cell, NK, neutro-
phil, basophil

ubiquitous LAM, PGN, GPI (Toxo-
plasma gondii), LTA, triacyl 
lipopepƟde, zymosan  

[351-354]

TLR2/6 Monocyte, masto-
cytes, mDC

epithelial cell, neural 
cell, MSC, endothelial 
cell, keraƟnocytes

LTA, diacyl lipopepƟde [351, 355-
357]

TLR3 mDC epithelial cell, neural 
cell, MSC, keraƟno-
cytes

RNA virus (WNV, RSV, 
MCMV), syntheƟc dsRNA 
(Poly[I:C], poly [A:U])

Self dsRNA [354, 358, 
359]

TLR4 Monocytes, mac-
rophages, mDC, 
mastocytes, ba-
sophil

renal cell, hepaƟc cell, 
keraƟnocytes, MSC, 
endothelial cell

LPS, viral proteins (HIV, 
VSV, RSV, retroviruses)

HSPs, fibronecƟn, 
hyaluronic acid, fi-
brinogen, HMGB1

[355-357, 
360-362]

TLR5 mDC, monocyte, 
NK, T cell

gastric epithelial cell, 
keraƟnocytes, MSC

flagellin [356, 361, 
362]

TLR7 pDC, B cell, es-
osinophil

RNA virus (influenza), 
syntheƟc ssRNA, imidazo-
quinoline (R848/CL097/
imiquimod)

Self ssRNA [352, 363-
366]

TLR8 mDC, T and B cell, 
monocyte

syntheƟc ssRNA (AU-rich) 
imidazoquinoline (R848/
CL075)

Self ssRNA [352, 363, 
364, 366, 
367]

TLR9 pDC, B cell, baso-
phil, eosinophil, T 
cells, B cells, NK

epithelial cell, kera-
Ɵnocytes, MSC, en-
dothelial cell

unmethylated CpG dsDNA, 
dsDNA virus (HSV, MCMV)

DNA/LL-37, chro-
maƟn DNA immune 
complexes, mito-
chondrial DNA 

[354, 368-
383]

TLR10 pDC, neutrophil, B 
cell, basophil

unknown [352, 384, 
385]

 Table 7: Cellular expression and ligands for TLRs. MDCs, myeloid dc; NK, natural killer cell; pDC, plasmacytoid 
DC; MSC, mesenchymal stem cell; LTA: lipotechoic acid; LAM: lipoarabinomannan;  PGN: pepƟdoglycan.

Historically TLR9 was thought to recognize unmethylated CpG moƟfs commonly present in the genome of 
bacteria and viruses [376, 393]. Therefore the majority of the studies on TLR9 funcƟon were done with syn-
theƟc oligonucleoƟdes (ODNs) termed CpGs. There are four classes of CpGs that differs by their backbone 
modificaƟon, secondary structure, number and posiƟoning of CpG moƟfs (Table 8).  

Class Backbone PolyG tail Palindrome Structure Example Ref
A PS and PD + (PS) Internal containing 

CpG moƟf(s) with PD 
linkage

G-Tetrads 2216 [394]

B PS - - Linear 2006 [395]
C PS - 3’ GC rich Duplex 2395 [396]
P PS - 2 sequences MulƟmeric 23617 [397]

Table 8: Structural properƟes of CpGs ODN. PS: phosphorothioate PD: phosphodiester.

The sequence composiƟon, sugar, base, or backbone modificaƟons, as well as secondary and terƟary struc-
tures affect the immune-modulatory effects of CpGs. Secondary and terƟary structures formed by CpG ODNs 
appear to be crucial for strongest IFN-inducing acƟviƟes [398, 399]. Class A CpGs are the stronger inducer of 
type I IFN by human pDCs but are weak inducer of NFB acƟvaƟon (Table 9). On the contrary class B CpGs are 
weak inducer of type I IFN but potent human B cell acƟvators resulƟng in increased Major HistocompaƟbility 
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Class II complex (MHCII) expression, secreƟon of immunoglobins and B cell proliferaƟon [400, 401]. C class 
CpGs induce both type I IFN and B cell sƟmulaƟon [396, 402]. P class CpGs are an improved version of C class 
CpG since they induce more type I IFN but are sƟll able to acƟvate NFB [397]. TLR9 dependent secreƟon of 
type I IFN in pDCs is dependent on the ability of the CpGs to form higher order secondary structures through 
the poly-G tail or the palindromic sequences [403].

Class Type I IFN B cell acƟva-
Ɵon

NK and APCs 
acƟvaƟon

pDCs acƟ-
vaƟon

Ref

A +++ +/- +++ + [394, 400, 404, 405]
B +/- +++ +/- +++ [376, 400, 405-407]
C + ++ + ++ [400-402]
P ++ + ++ ++ [397]

Table 9: AcƟviƟes of the different classes of CPG-ODN.

SyntheƟc ODN have been shown to elicit a TH1 like immune response, which is important in the context of 
immunity against cancer and adjuvant effect in vaccinaƟon [408, 409]. CpGs used in clinical trial are usually 
from the B or the C class.
To achieve greater biological stability through nuclease resistance and cellular uptake, the CpGs ODN are 
phosphorothioate-modified (PS): one of the non-bridging backbone oxygen atoms of the phosphodiester 
linkage is replaced with sulfur [410, 411]. However this modificaƟon is not neutral, in parƟcular regarding 
the acƟvaƟon of TLR9. Experiments made with PS ODNs showed that the recogniƟon of the DNA by TLR9 was 
dependent on the presence non methylated CpG moƟfs in genomes of virus and bacteria [395]. CpG dinucle-
oƟdes are methylated and scarce in vertebrate, which was thought to allow the discriminaƟon between self 
and non self and limit acƟvaƟon of TLR9 by self DNA [412]. However, recent experiment showed that non 
CpGs PD ODNs and self DNA “forced” to the endosomes acƟvate TLR9 [413]. While TLR9 acƟvaƟon by syn-
theƟc PS ODNs is sequence specific (CpG moƟfs), natural DNA with PD linkage is not. Furthermore, base free 
PD 2’deoxyribose 20-mers “forced” into the endosomes can acƟvate TLR9 while base free PS 2’deoxyribose 
is an antagonist of TLR9 acƟvaƟon [414]. The discriminaƟon between self and non self is a maƩer of com-
partmentalizaƟon. TLR9 can signal only in the endosome where it can be acƟvated by pathogens invading 
the cells by endocytosis. In homeostaƟc condiƟon self DNA cannot access spontaneously the endosome 
and is rapidly degraded by the extracellular environment.  However in some pathological condiƟon such as 
SLE or psoriasis, self genomic DNA can reach the endosome, acƟvate TLT9 and parƟcipate to autoimmunity 
and inflammaƟon [415, 416]. Host factors such as the anƟmicrobial pepƟde LL37 [415] and DNA specific 
autoanƟbodies [417] bind to self DNA and may facilitate its endosomal translocaƟon. Other factors such as 
extracellular HMGB1 binds to self DNA and through the receptor for advanced glycaƟon end products (RAGE) 
potenƟalize TLR9 acƟvaƟon [345, 418, 419]. 

TLR9 is signaling through MyD88 to induce pro-inflammatory cytokines and type I IFN. Adaptor protein 3 
(AP-3) complexes mediate the trafficking of UNC93B and TLR9 to a specialized lysosome-related organelle in 
pDCs allowing the producƟon of type I IFN through IRF7 [378].  TLR9 is criƟcal in the control of bacterial in-
fecƟons by Brucella abortus, Streptococcus pneumonia, Mycobacterium tuberculosis and helicobacter [420]. 
It also detects many DNA viruses including HSV type 1 and type 2, murine cytomegalovirus, adenovirus, EBV 
and recently, adenovirus-associated virus (AAV).
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TLR triggering leads to the acƟvaƟon of IRF, NFkB, p38, ERKs and MAPKs pathways [421]. Besides inducing cy-
tokines, TLR ligands trigger innate immune cells acƟvaƟon. They also acƟvate DC maturaƟon and NK cells to 
increase their lyƟc capacity. They increase the phagocyƟc ability of neutrophils [353] and macrophages [422] 
and the producƟon of reacƟve oxygen species [423] nitrogen intermediates [424] and provoke neutrophils 
oxidaƟve burst [425]. They also play a role in adapƟve immune response. TLRs induce B-cell proliferaƟon, im-
munoglobulin isotype switching and somaƟc hypermutaƟon [426]. Moreover, they promote the differenƟa-
Ɵon and proliferaƟon of TH17 cells [427] and the inhibiƟon of the regulatory T cell acƟvity [428]. While TLR 
are primarily expressed on immune cells, they have been described in human keraƟnocytes [371], epithelial 
cells from the intesƟnal, urogenital and respiratory tracts [362], endothelial cells [429], mesenchymal stem 
cells [430] and various neural cells [357]. In these Ɵssues they are likely to provide a first line of innate anƟ-
microbial defense. Indeed, TLRs sƟmulaƟon of epithelial cells or endothelial cells has been shown to aƩract 
immune cells via chemokines secreƟon and cell surface adhesion molecule inducƟon [431, 432]. 

(b)  Toll-like recognition of oncoviruses 

(i) Cell surface recognition of oncoviruses

TLR1, TLR2, TLR4 and TLR6 are localized at the cell surface and are involved in the recogniƟon of oncoviruses; 
however TLR5 has not been associated with the recogniƟon of viruses. TLR4 is the only TLR that can recruit 
the four adapters TIRAP, MyD88, TRAM and TRIF (figure 14). 
TLR2 homodimerizes or dimerizes with TLR1 or TLR6 and induce NFkB trough the recruitment of TIRAP and 
MyD88 which lead to proinflammatory cytokines producƟon. It has been shown that intact EBV virions can 
be recognized by TLR2 on epithelial cells and monocytes. This recogniƟon is likely mediated by GP350 (en-
coded by BLLF1), the major envelope glycoprotein, which might be a ligand for TLR2 and is responsible for 
MCP-1 producƟon [433]. In addiƟon, the non structural protein dUTPase (encoded by BLLF3) might also be 
recognized by TLR2 and induces the expression of proinflammatory cytokines by macrophages [434]. The 
complexes TLR2/1 and TLR2/6 were also involved in recogniƟon of HCV PAMPs, such as the non-structural 
NS3 and core proteins [435](Table 10). 
Concerning EBV it is not known whether TLR2 is associated with TLR1 or TLR6. A recent study found a mecha-
nism of inducƟon of type I IFN via TLR2 [436]. TLR2 would follow vaccinia virus in the endosomal compart-
ment and acƟvates IRF3 and IRF7 to induce type I IFN producƟon. This new mechanism has only been shown 
in mouse inflammatory macrophages. However, similar mechanism possibly exists in human and would be 
involved in the recogniƟon of oncoviruses that trigger TLR2 (Figure 14). It might also be the case for EBV. 

Oncovirus PRR Ligand Ref
EBV TLR2 dUTPase

GP350

[434]
[433]

HCV TLR2 Core protein [435, 437]
TLR2 NS3 [435]

KSHV TLR4 unknown [438]
HPV TLR4 HPV16 L1 VLP [439, 440]

Table 10 : RecogniƟon of oncoviruses by membrane bound TLRs.

TLR4 is also involved in the recogniƟon of HCV. Indeed in vitro infecƟon of human B cell line lead to IFN 
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an IL6 secreƟon in a TLR4 mediated way [441]. However, TLR4 is also induced upon virus triggering, so it is 
unclear whether the virus is triggering directly TLR4 or if the increase of this PRR is leading to a higher basal 
acƟvaƟon without ligand involved (or at least not HCV). As for HPV, VLPs consƟtuted of L1 are recognized in 
vitro by TLR4 (Table 10). It might not be as relevant in vivo since the keraƟnocytes of the mucosa at the site 
of infecƟon do not respond to TLR4 ligand, but might be important to acƟvate immune cells following HPV 
vaccinaƟon. KSHV has been found to induce TLR4 signaling but to date the specific viral molecule involved is 
sƟll unknown (Table 10).

(ii) Endosomal sensing of oncoviruses

InfecƟon of hepatoma cell line with HCV leads to a TLR3, TLR7 and RIG-I dependent producƟon of type I IFN 
[442, 443]. In addiƟon it seems that the RNA dependent RNA polymerase acƟvity of NS5B would be recog-
nized by TLR3 and trigger IFN promoter acƟvity when transfected in HepG2 cells (Figure 15) [444]. 
EBV EBERs associated with La protein are released in vitro by EBV infected B cells but are also found in the 
sera of paƟents with chronic acƟve EBV. Those complexes induce TLR3 dependent type I IFN and inflamma-
tory cytokines producƟons as well as TLR3 dependent monocytes derived DCs maturaƟon, acƟvaƟon and 
increase of anƟgen presentaƟon ability  [445]. 

HTLV-1 viral parƟcles trigger IFN producƟon in murine pDC via TLR7 [446]. In addiƟon it has been shown 
that IFN produced by murine FLT3-derived DCs were criƟcal to control HTLV1 infecƟon [447]. As menƟoned 
earlier, HCV infecƟon of hepatoma cell line induce type I IFN secreƟon partly dependent on TLR7 [442, 443]. 
DNA oncoviruses have not been shown to trigger this receptor.

TLR9 is the primary sensing mechanism of DNA viruses in the endosome and thereby is as well able to rec-
ognize oncoviruses. HPV16 viruses have been shown to induce NFB acƟvaƟon via TLR9 (Hasan, U. unpub-
lished data). TLR9 seems also to contribute to anƟviral immunity during gammaherpesvirus infecƟon [448]. 
The authors used murine gammaherpesvirus 68 as a model to study gammaherpesvirus pathogenesis and 
showed that in vivo TLR9 dependent signaling is important to control viral load to induce organ-specific im-
munity during latency and lyƟc cycle. Furthermore, in vitro KSHV and EBV have been shown to trigger type 
I IFN in human pDCs via TLR9 [449 , 450]. In vitro EBV infecƟon acƟvates TLR9 signaling pathway leading to 
IFN producƟon in pDCs and IFN in monocytes, and promotes acƟvaƟon of NK cells and IFN producƟon by 
CD3+ T cells [451] [450]. However, the responsiveness of pure monocytes to TLR9 is controversial [352]. As 
for B cells EBV induces an increase in acƟvaƟon markers in B cells [452].  

(iii) Cytosolic virus sensing

During their life cycle most viruses will reach the cytosolic compartment. DNA viruses such as EBV and HPV 
are usually transported from the endosome via cellular transport mechanisms to the nucleus where they 
either stay as episomes or are integrated in the host DNA. 
HTLV-1 is first reverse transcribed in the cytosol, and then the DNA negaƟve strand is replicated and shuƩled 
to the nucleus. As for HCV, the replicon complex is found in the cytoplasm of most of the cells. The cytosolic 
sensing of virus can lead to the producƟon of type I IFN and inflammatory cytokines such as IL1 and IL18.
Cytosolic sensing of viruses relies on various redundant PRR. RNA viruses may be sensed by RLR, PKR and 
NLR while DNA viruses are sensed by DNA sensors (including ZBP1, LRRFIP1 and the pyhin family), NLR or 
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RLR (Table 11 and 12). HMGB1, HMGB2 and HMGB3 proteins bind nucleic acids and are required for the full-
blown acƟvaƟon of innate immune cells by nucleic acids, VSV and HSV-1 through TLR, RLR and cytosolic DNA 
sensors [453].

SƟng/MITA was recently idenƟfied as a molecule able to acƟvate type I IFNs. It is a transmembrane protein 
localized in the ER of macrophages, DC, endothelial and epithelial cells [454, 455]. Over-expression of SƟng 
leads to the producƟon of type I IFN via NFkB and IRF3 acƟvaƟon (Figure 16). In mice model sƟng has been 
found to be essenƟal to the type I IFN producƟon in response to negaƟve stranded RNA viruses such as VSV 
or SV. Therefore one role of sƟng might be to facilitate RIG-I signaling (Figure 15-16). But it has been shown 
that sƟng display also a central role in the type I interferon producƟon in response to ISD (interferon sƟmu-
latory DNA) and to infecƟon with HSV-1 and HIV-1 [454-456]. SƟng seems to be an essenƟal component of 
both the RLR-mediated and DNA sensing pathways that induce type I IFN (Figure 15-16).   ZBP1 a Z-DNA bind-
ing protein was the first molecule to be idenƟfied as DNA sensor in the cytoplasm. ZBP1 induces type I IFN 
producƟon in response to syntheƟc DNA and HSV-1 infecƟon through TBK1/IRF3 signaling [457].  It has been 
recently shown that the ZBP1 pathway was redundant and probably cell type or species specific [458]. ZBP1 
signals through SƟng in order to induce type I IFN producƟon (Figure 9). LRRFIP1 bound exogenous DNA and 
associate with -catenin to increase type I IFN expression IRF3 mediated [459]. This molecule is essenƟal for 
maximal type I IFN producƟon in response to VSV for example. 

DEXD/H BOX RNA HELICASES:

The RLRs receptors are a family of DExD/H box RNA helicases that are cytoplasmic sensors of RNA (Figure 16 
and Table 11). 

PRR

Cellular expression Ligands

Refimmune cells non immune cells PAMP DAMP

MDA5 ubiquitous ubiquitous long dsRNA [polyI:C], EMCV [460]

RIG-I ubiquitous ubiquitous 
5'tri-phosphate dsRNA, short 
Poly[I:C], RNA viruses (NDV, 
VSV, SeV, flu NS1, HCV, JEV)

[461, 462]

Table 11: Cellular expression and ligands for RLRs. ECMV: encephalomyocardiƟs virus, NDV: Newcastle disease, VSV: Vesicular 
stomaƟƟs virus, SeV: Sendai virus, flu: Influenza, JEV:  Japanese encephaliƟs virus. 

To date, three RLR members have been idenƟfied: RIG-I, MDA5 and LGP2. RIG-I and MDA5 are mainly respon-
sible for the producƟon of type IFN in response to RNA viruses in most cell types but pDCs. They are able 
to bind and unwind ssRNA through their helicase domain and signal via their caspase recruitment domains 
(CARD). Comparison of RIG-I and MDA-5 interacƟon with syntheƟc dsRNA poly (I:C) suggest that while MDA-5 
preferenƟally recognizes high molecular weight branched RNA [463], RIG-I interacts preferenƟally with short-
er blunt-ended 5’ triphosphate (5’-PPP) dsRNA [464]. InteracƟon between the helicase and the RNA recruits 
the mitochondrial protein MAVS and through FADD, RIP1 and TBK1 leads to the producƟon of inflammatory 
cytokines and type I IFN (Figure 10). The third member of the family, laboratory of geneƟcs and physiology 2 
(LGP2), lacks CARD domains and has two ambivalent acƟons; it may funcƟon as a co-factor of RLR signaling 
[465] and as an inhibitor of RIG-I [466]. MDA5 has been involved in the recogniƟon of DNA viruses such as 
HSV [467]. RIG-I has been involved in the recogniƟon of AT-rich dsDNA such as poly(dA-dT) that can be tran-
scripted by RNA pol III into 5’-triphosphate, the real ligands for RIG-I in human fibroblasts [468]. Therefore 
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RIG-I is a RNA receptor that can sense cytosolic DNA, so RIG-I is predicted to be able to respond to dsDNA 
from intracellular pathogens. RIG-I has been shown to be able to trigger both NF-kB-dependant producƟon 
of pro-IL1 and in inflammasome acƟvaƟon in response to VSV (Figure 17-18). In this context, RIG-I engages 
the CARD9–Bcl-10 module for NF-B acƟvaƟon and triggers ASC for inflammasome acƟvaƟon [469]. RIG-I has 
been shown to sense HCV genome (uncapped RNA with 5’-PPP) [470] but also HCV viral parƟcles [442] and 
EBERs from EBV (dsRNA with a 5’-PPP ends) [471] (Figure 16). In addiƟon, HCV unraveled the existence of 
MAVS [472, 473]. Indeed HCV protease NS3/4A cleaves MAVS off the mitochondria abolishing RIG-I signaling 
[472]. EBERs recogniƟon by RIG-I aŌer RNA pol III processing induces type I IFNs and IL10 secreƟon [471, 474, 
475]. Since the EBERs are released by infected cells, they also sƟmulate RIG-I pathway in non infected cells. 
This systemic acƟvaƟon of RIG-I might be partly responsible for the symptoms of acute IM seen during EBV 
primo infecƟon. By sƟmulaƟng RIG-I, EBERs might engage NK cells for the producƟon of IFN [476]. Actually, 
NK cells are very important in EBV immune responses as paƟents suffering from NK disabiliƟes such as X-
linked lymphoproliferaƟve diseases are unable to control EBV infecƟons [477]. The control of EBV dependent 
B cells transformaƟon by NKs in the tonsil, site of the infecƟon, is mainly via IFN secreƟon. Indeed in vitro 
studies shown that DCs maturated with polyI:C were acƟvaƟng allogenic tonsillar NK cells which were able to 
restrict B cell transformaƟon via IFN secreƟon [478]. The IFN is central in anƟ EBV immune response, it has 
been shown it was 7 to 10 Ɵmes more efficient than type I IFN to limit EBV infected B cells outgrowth and it 
was also efficient even if administrated three to four days aŌer EBV infecƟon [292]

Other RNA helicases were recently described. DHX36 and DHX9 have recently been involved in the detecƟon 
of CpGA and B respecƟvely in the cytosol of human pDCs [479]. Upon sƟmulaƟon, these helicases binds the 
TIR-domain of MyD88 to induce the acƟvaƟon of IRF7 and NFkB (Figure 16). In experiments using Gen2.2 
pDC cell line, the authors showed that the response to CpG A and B was significantly reduced when using 
a siRNA for DHX36 and DHX9 respecƟvely. The remaining TNF and IFN producƟon accounted for TLR9 
signaling. Furthermore, those receptors seem also important in the innate immune response to HSV. Their 
putaƟve role in DNA oncoviruses immunity has not been assessed yet. RNA helicases DDX1, DDX2 and DHX36 
have been also idenƟfied as cytosolic dsRNA sensors in bone marrow GM-CSF derived mDCs [480]. Upon poly 
I:C triggering they acƟvate type I IFN response via the TRIF pathway. The helicase DDX41 has been described 
as a cytosolic sensor of intracellular B and Z form DNA and HSV-1 in murine mDCs and human myeloid cell 
line THP1 that depends on STING signaling [481].  

NLR

NucleoƟde-binding oligomerizaƟon domain-like receptor (NLR) proteins are a family of proteins with diverse 
funcƟons in the immune system, characterized by a shared domain architecture that includes a nucleoƟde-
binding domain (NBD) and a leucine rich repeat (LRR) domain. The NBD can bind nucleoƟdes and is possibly 
involved in the inducƟon of conformaƟonal changes and self-oligomerizaƟon that are necessary for NLR func-
Ɵon. On the basis of the presence of addiƟonal domains, NLRs were grouped into five subfamilies: the NLRA 
(CIITA), the NLRB (NAIP), the NLRC (NOD1, NOD2, NLRC3, NLRC4 and NLRC5), the NLRP (NLRP1 to 14) and 
the NRLX1 (NLRX1). Typical domains present in NLRs are CARD and pyrin domains (PYDs). The PYD domain is 
a death domain protein fold that forms homotypic interacƟons with other PYD-containing proteins such as 
ASC to form mulƟproteic complexes involved in inflammaƟon, apoptosis and cell cycle. Some NLR proteins, 
including NLRP1, NLRP3 and NLRC4, are involved in anƟ-microbial responses via inflammasome formaƟon. 
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Table 12 depicts the NLRs involved in virus recogniƟon. NLRP3 has been shown to recognize several PAMPs 
such as bacterial toxins and viral DNA such as influenza A and PAMPs such as crystal and ROS [313]. As for the 
other ligands, the precise mechanism by which NLRP3 senses viral DNA is unknown. However, it was shown 
to either sense ROS and potassium efflux, lysosomal or endosomal rupture due to crystals such as silica or 
cholesterol crystal [482, 483]. NLRP3 associates with the adaptor protein ASC to acƟvate the caspase 1 which 
cleaves pro-IL1 in acƟve IL1 (Figure 18). In that respect it would be interesƟng to assess whether the vi-
ruses such as HPV, that escape endosomal compartment, might damage it and trigger this pathway. 

PRR
Cellular expression Ligands

Ref
Immune cells Non immune cells PAMP DAMP

NOD2

Monocytes, 
macrophages, 
DCs, T cells, pe-
ripheral B cells

Paneth cells, stromal 
cells

MDP, viral ssRNA (RSV, influ-
enza…), bacteria (Mycobac-
terium tuberculosis…)

[485-487]

NLRP1
Granulocytes, 
monocytes, DCs, 
T and B cells

Neurons MDP, KHSV? [484, 488]

NLRP3
Monocytes, 
granulocytes, T 
cells

Epithelial cells, kera-
Ɵnocytes, osteoblast, 
microglia

ssRNA and dsRNA Virus 
(SeV, Flu, ECMV..), bacteria 
(Listeria monocytogenes..), 
bacterial pore forming tox-
ins, MDP, fungus (candida 
albicans…)

Crystals (MSU, 
alum, choles-
terol…), ATP, 
-amyloid, 
hyaluronan, 
glucose, imida-
zoquinoline com-
pounds, ROS

[313, 
489-493] 
[482, 483, 
494-500]

IFI16
CD34+, mono-
cytes, lympho-
cytes, DCs

Fibroblast, epithelial 
cells, endothelial cells

dsDNA viruses (KHSV, HSV1, 
VV), cytosolic dsDNA [501, 502]

Aim2
Monocytes, 
macrophages, 
DCs

keraƟnocytes
dsDNA viruses (VV, mCMV), 
cytosolic bacteria (FT), cyto-
solic dsDNA

Self dsDNA [503, 504]

Table 12: Cellular expression and ligands for NLRs and pythin family members involved in virus recogniƟon. MSU: monosodium 
urate, CPPD: calcium pyrophosphate dihydrate, Ad: adenovirus, MDP:  muramyl-dipepƟde, VV: vaccinia virus, mCMV:  mouse cy-
tomegalovirus.

Recently, Orf63 a KHSV protein has been described to be a viral NLR homolog that inhibits the inflammasome 
[484]. This protein has been shown to interact with NLRP1, NLRP3 and NOD2 to block their funcƟons which 
might indicate an important role for NOD receptors in the immune response to KHSV. InhibiƟon of NLRP1 
by Orf63 was shown to be criƟcal for KHSV viral gene expression and viral genome replicaƟon during KSHV 
primary infecƟon as well as KSHV reacƟvaƟon from latency. It is then possible that KHSV would trigger NRLP1 
signaling. 
NOD2 has been shown to recognize viral ssRNA and some bacterial components such as MDP. Upon trigger-
ing it acƟvates IRF3 leading to IFN producƟon and proinflammatory cytokine through NFkB acƟvaƟon. It has 
been shown essenƟal in the response to RSV in mice [485] (Table 12).

PYTHIN FAMILY MEMBERS

The pythin protein family consists of a PYD domain and one or more HIN 200 domains. Four members consƟ-
tute the human pythin family: IFI16, IFIX (Pythin1), MNDA and AIM2. The HIN 200 domain is a DNA binding 
domain that is involved for AIM2 and IFI16 in the detecƟon of viral DNA. IFI16, IFIX and MNDA bear a nuclear 
localizaƟon sequence while AIM2 does not and is exclusively cytoplasmic (Figure 18).
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Aim2 is a crucial component involved in dsDNA-induced producƟon of IL1 via ASC/Caspase 1 but is dispens-
able for type I IFN producƟon (largely dependent on sƟng) [503]. Upon DNA ligaƟon in the cytoplasm, AIM2 
associates with ASC and the caspase 1 which is then acƟvated and can trigger the maturaƟon of IL1 (Figure 
17). It has also been shown as an essenƟal component of the IL1 response to the cytosolic DNA viruses such 
as MCMV and vaccinia virus and the cytosolic bacteria Franciscella tularensis [504] (Table 12).
IFI16 is the only PRR that has been shown to be involved in type I IFN producƟon and in IL1B maturaƟon and 
secreƟon in response to DNA viruses [501 , 502] (Figure 16 and Table 12). IFI16 is localized predominantly in 
the nucleus; therefore it could possibly sense nuclear replicaƟon of viral DNA. Indeed, IFI16 associates with 
ASC in endothelial cells infected with KSHV and triggers inflammasome caspase 1 dependent formaƟon and 
NFkB acƟvaƟon (Figure 18 and Table 12) [502]. It will be interesƟng to look if the other DNA oncoviruses that 
replicates in nucleus would be able to trigger an IFI16 dependent response.

PKR

During viral infecƟon, dsRNA acƟvates PKR and lead to the phosphorylaƟon of eIF2a and the inhibiƟon of 
the protein translaƟon (Figure 16). HCV is using PKR to inhibit RIG-I dependent type I IFN [505] and anƟviral 
interferon-sƟmulated gene [506] protein translaƟon while HCV IRES-dependent translaƟon remains unaf-
fected. As for HCV, PKR might have a deleterious role in EBV infecƟon. LMP1 induces the producƟon of IL6 
and IL10 through PKR acƟvaƟon [507]. IL-6 and IL-8 are known to have autocrine growth factors that play a 
role for uncontrolled growth of LCLs [508, 509]. AddiƟonally, IL-10 is known to suppress T cell proliferaƟon 
through the inhibiƟon of IFN- secreƟon by macrophages. Taken together, cytokine dysregulaƟon induce by 
PKR helps the virus to evade the host immune system during EBV infecƟon. 
Beside its deleterious role in HBV and EBV infecƟon, PKR is involved in the inhibiƟon of HBV replicaƟon medi-
ated by IFN [510]. The mechanism underlying PKR acƟvaƟon by HBV is unknown.

(2) Adaptive immune response: 

(a) Introduction

AdapƟve immunity refers to anƟgen-specific immune response. The anƟgen first must be processed by pro-
fessional anƟgen presenƟng cells (APC) and presented as anƟgen/MHC complexes to lymphocytes together 
cosƟmulatory signals. The adapƟve immunity indeed relies on B lymphocytes via the producƟon of immuno-
globulin and on the acƟvaƟon of CD4 and CD8+ T lymphocytes. Exogenous anƟgen are classically recognized 
by CD4 T cells as conjugate with MHC class II molecules while endogenous anƟgen will be loaded on MHC 
class I molecules to trigger CD8+ T cells. It has been shown that for an efficient anƟ-tumor immunity both 
specific CD8+ and CD4+ T cells are required [511, 512]. 

The HLA Class II molecules are consƟtuƟvely expressed by APC, such as macrophages, DCs and B cells [513]. 
However, DCs are the most potent CD4 helper T cell acƟvators because they express at steady state basal 
levels of co-sƟmulatory molecules such as CD80/86. Macrophages and B cells can also present MHC class II 
anƟgen aŌer acƟvaƟon. HLA class II molecules present exogenous anƟgens such as viral and tumor anƟgens 
that enter the cells by endocytosis. HLA class II molecules are composed of α and β chains that are assembled 
in the ER and associated with the invariant chain (Ii). Li aids in transporƟng class II molecules to the endolyso-
somal compartments, where Ii is sequenƟally degraded by cathepsins, leaving class II associated invariant-
chain pepƟde (CLIP) on the class II binding groove. Ags/PepƟdes are also processed in the endolysosomal 
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compartments by acidic cathepsins for class II loading and presentaƟon to T cells [514]. Removal of CLIP and 
formaƟon of stable class II-pepƟde complexes is mediated by a non classical class II protein, HLA-DM. Once 
pepƟde is bound to a class II protein, the HLA class II-pepƟde complex is transported to the cell surface for 
presentaƟon to CD4+ T cells. Human CD4+ effector T cells can differenƟate into different subsets (Th1, Th2, 
Th9 and Th17 cells) producing different cytokines, depending on the anƟgen and the cytokine microenvi-
ronment encountered during acƟvaƟon. They will then direct T CD8 and B lymphocytes acƟvaƟon and dif-
ferenƟaƟon. B cells are acƟvated by cross-linking of their BCR in an anƟgen dependent manner. In order to 
differenƟate into plasma cells and produce large amount of anƟbodies, they need co-sƟmulaƟon signals from 
CD4+ Th2 cells one of which is IL4.

The acƟvaƟon of CD8+ cytotoxic cells (CTL) is very important in the eliminaƟon of virus infected cells and 
cancer cells. CD8+ T cells via their TCR recognize pepƟdes-bound MHC class I, to be fully acƟvated they need 
a second signal delivered by APCs and/or IFN released by CD4+ Th1 cells. Nucleated non immune cells when 
infected may present cytosolic pepƟdes on HLA Class I molecules to cytotoxic CD8+ cells [515]. As proteins 
are produced in the cytosol, they may become ubiquiƟnated, marking them for degradaƟon by the protea-
some. PepƟdes resulƟng from proteasomal degradaƟon are transported into the lumen of the endoplasmic 
reƟculum (ER) via the transporter associated with Ag presentaƟon (TAP). HLA class I molecules bind pepƟdes 
In the ER lumen PepƟde-HLA class I complexes are then transported to the cell membrane for presentaƟon 
to CTL. If the pepƟde-MHCI complex is recognized by a CTL as being non-self, the CTL may induce apoptosis 
in the target cell through the perforin/granzyme pathway. Viral proteins are synthesized in the cytosol and 
are subjected to the same proteasomal degradaƟon and HLA class I presentaƟon than cellular proteins. This 
process is essenƟal for the immune system ability to monitor viral infecƟons and to mount an appropriate 
response. Indeed, the importance of this pathway is revealed by the strategy of HLA class I down-regulaƟon 
employed by many viruses and transformed cells to reduce their immunogenicity. In the case of cancer cells 
sensing and eliminaƟon, CTL response are also crucial. However, such anƟgens are exogenous. In that case, 
addiƟonal mechanisms exist for HLA class I presentaƟon called cross presentaƟon, they allow presentaƟon 
by HLA class I molecules of exogenous pepƟdes [516]. Cross presentaƟon capacity seems to be restricted to 
DC and more recently T cells. The anƟgen engulfed by endocytosis reached the cytosol by debated mecha-
nisms where it then follows the regular pathway for MHC class I presentaƟon Priming of naïve CD8+ T cell by 
cross-presentaƟon of extracellular viral anƟgens by non infected DCs is also mandatory for immunity against 
viruses that do not infect DCs [517]. As for HLA class I presentaƟon an alternate way exists for endogenous 
pepƟdes to be presented to CD4 T cells. Endogenous pepƟdes could be presented on HLA Class II molecules 
aŌer degradaƟon by macroautophagy [518]. 

(b) Adaptive Immune response to HPV 

In general, the development of cervical cancer seen with mucosal high risk HPV (including HPV16) arises in 
women who were not able to control the infecƟon. However, the immune response following HPV infecƟon 
is not fully unraveled. A successful immune response against HPV is characterized by a strong local cell medi-
ated response and the generaƟon of neutralizing anƟbodies. 
Sero-conversion in natural infecƟon is slow and does not occur for all the infected paƟents.  FiŌy to seventy 
percent of women infected with HPV16 develop anƟbodies against L1 aŌer 8-9 months [519]. In addiƟon, 
these anƟbodies are protecƟng against infecƟon (they are at the basis of the prophylacƟc vaccines) [127] and 
they might persist over 10 years [520]. Some neutralizing anƟbodies against L2 might also be found but they 
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are less protecƟve than the anƟ-L1 [521]. 
The CD4+ T cell response is central for the clearance of HPV infecƟon since AIDS paƟents and allograŌ re-
cipients showed mulƟple recurrences of cervical HPV infecƟons [133].  In healthy individuals HPV16E6 and 
HPV16E2 specific T CD4+ cells were shown to proliferate and secrete IFN upon ex-vivo sƟmulaƟon with E6 
or E2 anƟgenic pepƟdes [522]. It is thus possible that those T CD4+ responses have protected those healthy 
individuals from a prior HPV16 infecƟon. 
Cell mediated cytotoxicity has been shown to be important in the control of viral infecƟon and in the elimina-
Ɵon of cancer cells. HPV specific CD4+ and CD8+ CTL can be detected in paƟents with previous or ongoing 
HPV infecƟon [523-525]. Lack of CTL responses to E6 correlates with HPV persistence [526]. The NK immune 
response seems also an important factor in the clearance of HPV infecƟon. Indeed, paƟents suffering from 
NK deficiencies were more prone to symptomaƟc HPV infecƟon [527]
It is important to note that the immune response is affected by geneƟc factors. Since different allele of MHC 
molecules will present different pepƟdes to the immune system, the HLA haplotype might play a role in the 
clearance or persistence of the HPV virus. Indeed, a correlaƟon has been found between some HLA haplo-
types and cervical cancer [528].

(c) Adaptive Immune response to EBV

Because of the lack of good animal model, IM paƟents and healthy EBV carriers are invesƟgated for acute and 
chronic EBV infecƟon respecƟvely. At the early stage of the infecƟon EBV triggers innate immune responses 
in the host. 
InfecƟon by EBV is followed by T cell responses that control the infecƟon. It has been shown in vitro that EBV 
transformed B cells are unable to iniƟate the immune responses and it is indeed the DCs that prime naive T 
cells to recognize EBV latent anƟgen [529]. AŌer primo-infecƟon a cytotoxic CD8+ T cell response predomi-
nantly aimed at controlling naïve B cells expressing the latency III program  takes place [530]. The recogniƟon 
of EBNA3, the immunodominant protein, allows the eliminaƟon of infected cells by specific T cells. These 
cells might mediate the resoluƟon of primary infecƟon. In addiƟon, a CD8+ T cell response against lyƟc anƟ-
gens is also seen in acute infecƟon [531]. Since the lyƟc cycle of EBV down-regulates HLA class I molecules, 
the CD8+ T cells might not target infected B cells undergoing lyƟc EBV replicaƟon. Indeed CD8+ T cell EBV 
specific have very low cytolyƟc potenƟal against LCL [532, 533].  In vitro CD8+ T cell dependent IFNg secreƟon 
is able to control of LCL outgrowth [534]. 
CD4+ T cells are crucial for the priming and the maintenance of CD8+ T cells [535-538]. With the excepƟon of 
IL10 producing LMP1 specific CD4+ T cells [539], EBV specific CD4+ T cell seem to display a Th1-like pheno-
type [540]. EBNA1 specific CD4+ T cells responses are believed to be also very important in the control of EBV 
infecƟon. In vitro CD4+ T cells specific of EBNA1 were shown to lyse EBV transformed LCL via a Fas/Fas ligand 
mechanism [541]. It has been also shown in a murine BurkiƩ’s lymphoma tumor model that EBNA1-specific 
CD4+ T cells recognized pepƟde-pulsed targets as well as EBNA1-expressing tumor cells and were necessary 
and sufficient for suppressing tumor growth in vivo [542]. In human the nuclear locaƟon of EBNA1 limits its 
accessibility to the macroautophagy pathway, therefore limiƟng the delivery of anƟgenic pepƟdes derived 
from EBNA1 to MHC class II molecules [543]. 
EBV triggers also the producƟon of specific IgM, IgA and IgG anƟbodies against the nucleocapsid, the im-
mediate early and the early lyƟc anƟgens by EBV negaƟve plasma cells. It seems that only the IgG anƟbod-
ies against gp350 are neutralizing [544, 545]. Several vaccine candidates based on gp350/220 have been 
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developed in order to prevent PTLD for example. Live recombinant vaccinia virus vectors have been used to 
express the gp350/220 anƟgen and were found to confer protecƟon in primates and elicit anƟbodies in EBV-
negaƟve Chinese child [546]. Soluble recombinant gp350/220 produced in CHO cells was found to be safe in 
humans but needed strong adjuvants to elicit acceptable immunogenicity (co-development by MedImmune, 
GSK and Henogen). Phase II clinical trials of this candidate vaccine started in the USA in 2008.

b) Escape to immune responses

It is important that an efficient immune response would be mounted following the recogniƟon of oncoviruses 
to eliminate them and avoid the development of cancer. Some viruses have developed escape mechanisms 
to persist. The mechanism developed by oncoviruses to avoid immune recogniƟon will be described in this 
part with a special focus towards EBV and HPV.

(1) EBV 

(a) Impairment of innate immunity

As seen earlier, IFN is one of the most important cytokine secreted in response to viral infecƟon. The major-
ity of viruses have developed strategies to impede type I IFN producƟon or to limit its effect. EBV is no excep-
Ɵon and a lot of its proteins are targeƟng the IFN pathway (Table 13). 
In order to dampen type I IFN producƟon, EBV uses two principal mechanisms. The inhibiƟon of the transcrip-
Ɵon factors involved in type I IFN producƟon and the acƟvaƟon of inhibitor of type I IFN. BRLF1 limits type I 
IFN producƟon by inhibiƟng the transcripƟon of IRF3 and IRF7 inducing a decrease in type I IFN  transcripƟon 
as well as other interferon-induced genes [547, 548]. EBV LF2 tegument protein specifically interacts with 
the central inhibitory associaƟon domain of IRF7, and this interacƟon leads to inhibiƟon of IRF7 dimeriza-
Ɵon, which suppresses IFN- producƟon and IFN-mediated immunity [549]. BGL4 binds and phosphorylates 
IRF3 which lead to an inhibiƟon of its transacƟvaƟon acƟviƟes and a subsequent impairment of type I IFN 
producƟon [443]. BZLF1 induces suppressor of cytokine signaling 3 (SOCS3) in monocytes which impede 
type I IFN producƟon [550]. EBV is also mediaƟng resistance to type I IFN anƟ-proliferaƟve and pro-apoptoƟc 
acƟviƟes. LMPA2A and 2B accelerate the turnover of IFNAR1 limiƟng the effect of type I IFNs [551]. LMP-1 
prevents Tyk2 phosphorylaƟon and inhibits IFN-sƟmulated STAT2 nuclear translocaƟon and interferon-sƟm-
ulated response element transcripƟonal acƟvity [552]. EBERs protect from apoptosis induced by type I IFNs, 
however the mechanism is controversial [553, 554]. Furthermore EBNA2 mediates resistance to type I IFN 
anƟ-proliferaƟve effect but the precise mechanism is unknown [555, 556]. The apoptosis is also inhibited by 
up regulaƟon of Bcl2 by LMP1 [557]. 
EBV inhibits also the TLR9 pathway by down-regulaƟng this PRR. Indeed tlr9 is down regulated during laten-
cies II and III by LMP1 [381]  but also during lyƟc phase by BGL5 [452] (Table 13). tlr6 and tlr7 are also down-
regulated during lyƟc cycle [452], however less drasƟcally than tlr9. TLR7 and TLR8 proliferaƟve responses 
are dampened aŌer infecƟon of B cells with EBV [558]. 
EBV acts also on immune cells by modulaƟng the cytokines environment. Those cytokines as well as growth 
factors produced by infected B cells [52, 559], T cells [560] and epithelial cells [561]  sustain the cellular pro-
liferaƟon of infected cells. 
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Effect Protein Immunomodulatory acƟvity Ref
Impediment of type I IFN producƟon BGLF4 Suppression of IRF3 signaling [548]

LF2 Suppression of IRF7 signaling
BRLF1 InhibiƟon of IRF3 and IRF7 transcripƟon [547]
BZLF1 AcƟvaƟon of SOCS3 [550]

Resistance to type I IFNs EBNA-2 Resistance to anƟ-proliferaƟve acƟviƟes 
of type I IFN

[555, 556]

LMP2A-2B Increase of IFNAR1 turn-over [551]
LMP1 Binding to Tyk prevenƟng his phospho-

rylaƟon
[552]

LF2 Antagonist of type I IFN [549]
EBERs Resistance to type I IFN mediated apop-

tosis
[568]

Resistance to type II IFN BZLF1 Blocks STAT nuclear translocaƟon and 
IRF1 acƟvaƟon decrease IFN chain 
receptor

[569]

LMP2A-2B Increase of IFNR1 turn-over [551]
Apoptosis resistance LMP1 Bcl-2 upregulaƟon [557]

EBERs Resistance to Fas mediated apoptosis [553]
InducƟon of immunomodulatory mol-
ecules

EBERs InducƟon of IL10 IN B cells [559]
LMP1 Enhancing of IL10 [52, 539]
BZLF1 InducƟon of IL10 producƟon by b cells [570]

InducƟon of GM-CSF & cox-2/PGE2 from 
NPC cells

[571]

BCRF1 Homolog of IL10 [572, 573]
Soluble form 
of BARF1

Decoy CSF receptor [567]

Autocrine growth factors EBERs InducƟon of IL9 in T lymphocytes [560]
InducƟon of IGF-I in epithelial cells [561]

LMP1 sCD23 & IL6 producƟon [52]
InhibiƟon of TLR BGL5 Down-regulaƟon of TLR9 [452]

LMP1 Down-regulaƟon of TLR9 [381]

InhibiƟon of T cells acƟviƟes LMP1 SecreƟon of immunosuppressive domain 
LALLFWL

[58]

EBI3 mediated th2 polarizaƟon [574, 575]
DeregulaƟon of MHC class I and II  BNLF2A Inhibits MHC class I anƟgen presentaƟon [576]

BILF1 DegradaƟon of MHC class I molecules [577]
BZLF1 Down-regulaƟon of MHC class I and II [578]
BGLF5 Down-regulaƟon of MHC class I and II [579]

Table 13:  Immunomodulatory acƟviƟes of EBV latent and lyƟc proteins.

EBV has been shown to replicate in primary human monocytes [562] where it can alter a number of cellular 
defense mechanisms. EBV negaƟvely regulates monocytes secreƟon of TNF- [563], MIP1- [564], PGE2 
[565] and reduce monocytes phagocyƟc acƟviƟes [566].  In addiƟon the soluble form of BARF3 is a decoy 
receptor for CSF-1 which inhibits IFN producƟon by monocytes and inhibits macrophage proliferaƟon [567] 
(Table 13).

(b) Adaptive Immune escape

During latency, EBV is trying to stay invisible by reducing its anƟgenicity. Indeed none of the EBV proteins are 
expressed during latency 0 in memory B cells [33]. 
During latencies I, II and III EBNA1 is expressed but is poorly anƟgenic. The glycine-alanine encoding repeats 
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(GA domain) of EBNA-1 minimize translaƟon, bind to the proteasome thus inhibiƟng proteasomal degra-
daƟon [580, 581].  As a consequence EBNA-1 pepƟdes are poorly presented in the context of MHC class I 
molecules. Similarly, EBNAC3 expressed in latency III limits its protein expression to one copy per cell [582] 
(Table 13). 
Another mechanism is the down-regulaƟon of MHC class I molecules on infected cells (Table 13). In endemic 
BurkiƩ’s lymphoma the number of HLA Class I molecule per cell is greatly reduced [583], therefore the detec-
Ɵon of infected B cells by CTL is greatly limited. Several proteins of the lyƟc cycle inhibit MHC Class I presenta-
Ɵon. BILF1 associates with MHC class I molecules, induces an increased turn over from the cell surface and an 
enhanced degradaƟon via lysosomal proteases [577]. BNLF2A co-localizes with TAP and blocks TAP-mediated 
pepƟde transport leading to a defect in MHC Class I presentaƟon [576]. Host shutoff is a well described fea-
ture of α- but not β-herpesviruses and lead to a global mRNA degradaƟon that can result in down-regulaƟon 
of surface expression of MHC class I and II molecules, which normally display pepƟde fragments of viral an-
Ɵgens for acƟvaƟon of specific T cells [584-586]. BGLF5 induces host shutoff in infected B cells leading to a 
defect in MHC Class I and II presentaƟon [579]. 
EBV lyƟc phase proteins are also impeding MHC Class II presentaƟon (Table 13). Ectopic expression of BZLF1 
strongly inhibits the consƟtuƟve expression of MHC class II and the major histocompaƟbility complex trans-
acƟvator in B cell line [578]. Finally, it has been shown that EBV posiƟve cell lines express HLA-DO that corre-
lates with the inhibiƟon of HLA-DM allowing the accumulaƟon of CLIP at the cell surface which may interfere 
with pepƟde binding to class II molecules [587].
IL-10 is a potent immunosuppressive cytokine. It plays an essenƟal role in dampening down overt immune 
responses, especially the pro-inflammatory Th1 type of response by directly inhibiƟng the proliferaƟon and 
IL-2 producƟon of Th1 cells [588-594]. The cytokine is known to inhibit DC maturaƟon and funcƟons, includ-
ing their ability to produce IL-12 essenƟal for driving Th1-cell differenƟaƟon [595], and to suppress anƟviral 
acƟviƟes of TH1 cells, NK and macrophages [596].    Several EBV proteins and RNA induce IL10 (Table 13) ei-
ther directly or indirectly during latency or lyƟc cycle. EBERs, LMP1 and BZLF1 induce directly IL10 producƟon 
by B cells. BZLF1 induces GM-CSF and Cox-2/PGE2 from Nasopharyngeal carcinoma cells which increase IL-10 
producƟon by monocytes [571]. EBV secretes also a homolog of IL-10 that down-regulates MHC molecules, 
cosƟmulatory molecules and inflammatory cytokines of monocytes and macrophages [572, 573]. 
T cells which are central in immune responses against virally infected cells and cancer cells are also targeted 
by EBV.  LMP1 is secreted from infected cells and LMP1 derived LALLFWL pepƟdes show strong inhibiƟon of 
T cell proliferaƟon and NK cytotoxicity and Ag-specific IFN-γ release [59]. In addiƟon LMP1 induces Epstein-
Barr virus-induced gene 3 (EBI3), an IL-12p40-related protein [574]. EBI3 associates as a heterodimer with 
either IL-12p35 or an IL-12p35 homologue, p28, to create IL-27. EBI3 plays a criƟcal regulatory role in the 
inducƟon of Th2-type immune responses and the development of Th2-mediated Ɵssue inflammaƟon in vivo 
[575]. By inducing this cytokine EBV might drive the immune response toward a Th2 phenotype.

Despite all the immune escape mechanisms displayed by EBV, the host immune system is able to keep the 
EBV infecƟon under control in a normal seƫng.  Nevertheless, in some circumstances like co-infecƟon, immu-
nosuppression or acƟon of environmental or geneƟc factors, the balance might be unseƩled and oncogenic 
potenƟal of EBV might rise. In case of HIV coinfecƟon, tumors develop as a consequence of the immunosup-
pression induced by the virus.  It has been shown that CD4+ specific for EBNA1 are lost during early HIV infec-
Ɵon despite a CD4+ count normal [597]. One hypothesis might be that during latency the CD4+ EBV specific 
are constantly acƟvated, which renders them vulnerable to HIV infecƟon. In endemic BurkiƩ’s lymphoma, it 
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is speculated that the malaria infecƟon impairs the immunity anƟ-EBV and allows the escape of cells carrying 
a c-myc mutaƟon. Indeed,  T cell mediated immune control of EBV was found to be impaired in malaria infect-
ed individuals [598]. In nasopharyngeal carcinoma, the local immunosuppression might facilitate the growth 
of the tumor and impairs EBV-specific immune response locally. While LMP1 and LMP2 specific CD8+ cells 
are present within the tumor infiltraƟng lymphocytes, their funcƟons are impaired, possibly because of Treg 
[599, 600]. In Hodgkin’s lymphomas, only a small proporƟon of cells the Hodgkin-Reed-Sternberg (HRS) cell 
are EBV posiƟve. The tumor is infiltrated with lymphocytes, but the microenvironnement is suppressing the 
immune cell funcƟon. HRS cells were shown to produce immunosuppressive cytokines [601], furthermore 
regulatrice T cells are found at the site of the tumor [602, 603]. The tumor area displays elevated galacƟn-1 
level that inhibits EBV specific T cell proliferaƟon [604]. In addiƟon systemic selecƟve impairment of EBV 
specific T cell responses have been shown [605].

(2) HPV

(a) General mechanisms of immune escape 

(i) Low profile

The failure of the immune system to recognize incoming or progeny virus may also be explained by the fact 
that the life cycle of HPV is non-lyƟc and therefore does not elicit any pro-inflammatory signals that acƟvate 
DCs and induce their migraƟon into the local environment. The essenƟal signals required for iniƟaƟon of 
immune responses in squamous epithelia are absent [606]. The non-lyƟc nature of HPV infecƟon limits the 
producƟon of anƟgens that are processed and presented to the adapƟve immune system. The majority of 
these, the early proteins, are expressed at low levels and primarily in the nucleus of infected cells [607-609]. 
Furthermore, the producƟon of the highly immunogenic capsid proteins is limited to the terminally differen-
Ɵated outer layer, which is shed from the epithelium [610, 611]. Since there is no blood-borne phase of the 
HPV life cycle and only minimal amounts of replicaƟng virus are exposed to the immune system, the virus is 
essenƟally invisible to the host. Thus, the first strategy that HPV has evolved to avoid detecƟon is to maintain 
a very low profile.

(ii) Codon usage

The genes of papillomaviruses use codons that are not commonly used by mammalian cells. SubsƟtuƟng 
them with codons preferenƟally used by the mammalian genome results in increased translaƟon of the 
genes, as described for L1 [612], and their immunogenicity, as described for E7 [613]. These finding imply 
that HPV has evolved to exploit the redundancy in geneƟc code to control the expression levels of its gene 
products. This, combined with a variety of other transcripƟonal and translaƟonal control mechanisms that 
prevent expression of the L genes in the undifferenƟated layers of the epithelium [614], allows escape from 
detecƟon by the immune system.
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(iii) Molecular mimicry 

Molecular mimicry is defined as the process in which structural properƟes of an introduced molecule imitate 
or simulate molecules of the host. Either the linear amino acid sequences or the conformaƟonal fits of the 
molecules may be shared, even though their origins are as separate as, for example, a virus and a normal 
host self determinant [615]. To maintain Ɵssue and organ integrity, the host immune system must be able to 
disƟnguish between self and non-self molecules and be tolerant to self-molecules. Mimicking host-proteins 
and thereby taking advantage of the host’s selŌolerance toward important cellular proteins may be a mecha-
nism by which HPV escapes funcƟonal anƟgenspecific immune recogniƟon. Evidence for this comes from 
an analysis of the HPV16 E7 protein that has wide spread similarity to several human proteins for instance 
xeroderma pigmentosum group G complemenƟng protein (XPGC) and the reƟnoblastoma binding protein 1 
(RBP-1) involved in criƟcal regulatory processes [616]. Thus, a cell-mediated response that targets the com-
mon moƟfs of these proteins would result in inhibiƟon of excision repair [617, 618] or derangement of cell 
cycle regulaƟon [619]. Since there is no evidence that human T-cells target the shared epitopes from these 
proteins, it may be that molecular mimicry is one of the mechanisms that HPV has evolved to escape immune 
recogniƟon.

(b) Modulation of innate immunity by HPV

(i) Interference with type I IFN

Like the majority of viruses, papillomaviruses have developed strategies to inhibit type I IFN producƟon, 
signaling and effect (Table 14). 
High-Risk HPV viruses down-regulate IFN inducible gene expression [620]. IFN does not effecƟvely inhibit 
transcripƟon of E6/E7 immortalized by recombinant HPV-16. In several human cervical epithelial cell lines, E6 
and E7 were shown to inhibit the interferon receptor signaling pathways and the acƟvaƟon of the interferon 
response genes. HPV+ condylomas biopsies from paƟents were analyzed for type I IFN responsiveness and 
HPV gene expression. A correlaƟon has been found between E7 expression and type I IFN resistance suggest-
ing that E7 is mediaƟng this resistance [621]. E7 binds to p48/IRF9 and sequester the complex in the cyto-
plasm inhibiƟng the formaƟon of the Interferon-sƟmulated gene factor 3 (ISGF-3) that binds the interferon-
sƟmulated response elements (ISRE) mandatory for the transcripƟon of ISGs [622, 623]. HPV18E7 binds and 
inhibits the transacƟvaƟon funcƟons of IRF-1 leading to a reduced expression of IRF-1 target genes such as 
TAP-1, IFN and MCP-1 [624, 625]. HPV E6 modulates also type I IFN producƟon and resistance in infected 
cells. Analysis of gene expression by cDNA micro-array showed that HPV16 E6 inhibits expression of type I 
IFNs genes and ISGs [620]. Indeed E6 binds and inhibits the transacƟvaƟon acƟviƟes of IRF3 therefore pre-
venƟng the transcripƟon of IFN [626]. E6 is also down-regulaƟng nuclear STAT-1 protein thereby prevenƟng 
its binding to the ISRE and the transcripƟon of ISGs [620]. HPV18E6 binds also to Tyk2 prevenƟng Tyk2 bind-
ing to IFNAR1 thus inhibiƟng type I IFN mediated signaling [627].

(ii) Modulation of PRRs 

TLR9 is able to recognize HPV viral DNA in vitro. HPV16-posiƟve cancer-derived cell lines and primary cervical 
cancers show a down-regulaƟon of TLR9 [371]. The oncoproteins E6 and E7 are responsible for this deregula-
Ɵon since infecƟon of human primary keraƟnocytes with HPV16 E6 and E7 recombinant retroviruses inhibits 
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tlr9 transcripƟon and hence funcƟonal loss of TLR9-regulated pathways [371]. It has to be noted that HPV 
low risk type E6 (HPV 6) is unable to down-regulate TLR9. It is then possible that abolishing TLR9 funcƟon 
would be important either in viral persistence or in transformaƟon induced by HPV high risk type. The study 
of TLR expression and viral persistence or clearance upon infecƟon with HPV16 revealed that the clearance of 
the infecƟon was associated with an increase in expression of the four viral nucleic acid-sensing TLRs (TLR3, 
TLR7, TLR8 and TLR9) as well as TLR2 upon viral acquisiƟon [628]. 

Effect Protein Immunomodulatory acƟvity Ref
Interference with type I IFN HPV16E7 InhibiƟon of ISGF-3 [622, 623]

HPV18E7 InhibiƟon of IRF1 [624, 625]
HPV16E6 InhibiƟon of IRF3 [626]
HPV16E6 Down-regulaƟon of STAT-1 [620]
HPV18E6 InhibiƟon of Tyk2 [627]

ModulaƟon of PRR HPV16 E6 E7 DeregulaƟon of TLR9 [371]
ModulaƟon of anƟgen pre-
sentaƟon

HPV16 E7 InhibiƟon of MHC Class I [629]
HPV16 E5 Down-regulaƟon of MHC Class I [630]

ModulaƟon of chemokines 
and cytokines

HPV16 E6 and E7 Decrease of MCP-1 [631] [632]
HPV16 E6 and E7 Down-regulaƟon of IL-8 [633]
HPV16 E6 Down-regulaƟon of IL-18 [634]
HPV16 E6 and E7 InhibiƟon of IL-18 mediated IFN pro-

ducƟon
[635]

Unknown Increase in IL-10 and TGF [636, 637]
Unknown ShiŌ from Th1 to Th2 cytokines profile [638, 639]
Unknown IL6 expression [640]
HPV16 E6 InducƟon of VEGF [641]

ModulaƟon of APCs HPV16 E6 Decrease of E-cadherin [642]
Unknown Decrease of MIP-3 [636]
HPV16 L2 InhibiƟon of LCs [643]

Table 14: Immunomodulatory acƟviƟes of HPV proteins.

(c) Modulation of adaptive immunity

(i) Modulation of Antigen presentation

There are evidences that HPV infecƟon might interfere with anƟgen processing and presentaƟon (Table 14). 
Indeed, the oncoproteins E7 has been shown in vitro to repress MHC Class I heavy chain promoter acƟvity 
[629]. Furthermore, it has been shown recently that HPV-16 E5 down-regulates expression of surface HLA 
class I molecules and reduces recogniƟon by CD8+ T cells [630]. 

(ii) Modulation of chemokines and cytokines profiles

IdenƟfied as one of the first chemokines, MCP-1 aƩracts a variety of cell types including monocytes, memory 
T cells and NK cells [644], and is therefore parƟcularly relevant in the clearance of viral infecƟons. In addi-
Ɵon, MCP-1 produced by keraƟnocytes has been shown to induce recruitment of DCs and LCs to the skin 
[645]. MCP-1 expression in CIN 3 was shown to be strongly decreased via a mechanism mediated by E6 and 
E7 [631]. MCP1 loss might diminish anƟgen uptake by APCs and subsequent adaptaƟve immune response 
against HPV. 
IniƟally idenƟfied as a chemo-aƩractant for neutrophils, IL-8 is now known to funcƟon as a potent acƟvator 
and chemo-aƩractant for neutrophils, basophils and T cells [646, 647]. In the seƫng of HPV infecƟons, ex-
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pression of il-8 is down-regulated when E6 and E7 are expressed. Together, E6 and E7 inhibited transcripƟon 
of the IL-8 promoter [633].
TransfecƟon experiment showed that HPV16 E6 down-modulates also IL18 expression [634]. Moreover 
HPV16 E6 and E7 inhibit the IL18 dependent IFN producƟon by PBMCs and NK. Indeed, HPV16 E6 and E7 
bind the IL18 receptor alpha chain and compete for the binding for IL18 [635]. Since HPV16 E6 and E7 can be 
found in the extracellular fluids of HPV-containing cervical cancer cell lines, one can imagine they would be 
also secreted by tumor cells in vivo and could inhibit IL18 mediated IFN producƟon at the tumor site. 
HPV may modulate the environment of the transformaƟon zone to be immunosuppressive, which in turn 
is affecƟng the immune response (Table 14). IL10 and TGF have been found expressed at higher level in 
the transformaƟon zone than in normal cervix [636, 637]. In addiƟon, analysis of cytokine profiles in cer-
vical secreƟons of HPV DNA posiƟve and negaƟve cervix showed an increase in IL10 in HPV DNA posiƟve 
samples [648]. The CD1A+ stromal DC shown to display immunotolerant acƟviƟes are increased in high grade 
squamous intraepithelial lesion (HSIL) [649]. They are expressing IL10 and TGF and might therefore induce 
an immunosuppressive environment in HSIL.  Using a HPV16 associated tumor model in mice deficient or not 
for IL-10, it was shown that IL-10 produced by tumor macrophages induces T regulatory phenotype on T cells, 
an immune escape mechanism that facilitates tumor growth [650]. 
Concerning TGF, some studies have shown that in vivo the expression of this cytokine is reduced concomi-
tant to CIN aggravaƟon [651]. This is a paradox since TGF is known to be a potent immunosuppressor that 
may favor cancer development. In fact, TGF  is known to be anƟ-proliferaƟve and stop the cells in G1 phase 
[652]. Since HPV depends on cell proliferaƟon for its own replicaƟon, TGF might be deleterious to HPV 
infected cells. Furthermore, it was demonstrated that TGF might inhibit the expression of E6 and E7 [653, 
654]. HPV16E7 via its acƟon on pRb might render the infected cells more resistant to TGF anƟ-proliferaƟve 
effect, however the complete resistance to TGF might be achieve in the later stages during malignant trans-
formaƟon.
A shiŌ from Th1 to Th2 cytokines profile is observed when the SIL is progressing from low-grade to high 
grade. It is unclear if this shiŌ is predisposing to HPV persistence or is a result of HPV infecƟon. But it has been 
suggested that the Th2 phenotype is associated with the persistence of the viral infecƟon and the dysplasia 
[638, 639] and the draining lymph nodes appear to have an increased proporƟon of T regulatory cells [655]. 
At later stage of malignancy, carcinoma cells produce high level of IL6, but since they show a limited expres-
sion of the IL6 binding subunit gp80 the silencing of the autocrine IL6 response prevents MCP-1 producƟon 
[640]. Increasing evidences showed that IL6 has a role in cancer. It can lead to the differenƟaƟon of DC into 
macrophage like cells [656, 657], affects the differenƟaƟon of DC via STAT3 acƟvaƟon [658] and impairs the 
funcƟon of DC [659]. il-6 gene expression in cervical cancer is associated with a negaƟve disease prognosis. 
Indeed, vascular endothelial growth factor (VEGF) is produced via a STAT3 pathway depending of IL6 and is 
correlated with cervical tumor growth [660]. VEGF is an important mediator of angiogenesis but also exerts 
immunosuppressive acƟviƟes on DC [661]. Moreover VEGF has also been shown in vivo to increase with 
disease progression [662, 663]. In vitro this VEGF producƟon seems to be E6 dependent since HPV16E6 can 
induce the VEGF promoter [641]. 

(iii) Modulation of APCs 

As seen earlier, DCs are very important in immune responses. The confinement of HPV infecƟon to the epi-
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thelia assigns the epithelial dendriƟc cells, the Langerhans cells (LC), in charge of the inducƟon of T cell-
dependent immunity. As HPV-infected keraƟnocytes cannot reach the regional lymphoid organs, priming of 
anƟviral T-cells depends on LC, which conƟnuously monitor the epidermal microenvironment for infecƟon 
and damage. HPV infected keraƟnocytes seem to alter LC biology. These alteraƟons reduce the HPV anƟgen 
presentaƟon relying on LCs in the mucosa (Table 14). Adhesion molecules, such as E-cadherin are necessary 
to mediate contact between LCs and keraƟnocytes [664].  In vitro, E6 decreases E-cadherin expression on ke-
raƟnocytes [642].  While DCs and LCs generated in vitro were randomly distributed throughout the full thick-
ness of organotypic cultures of E-cadherin- HPV-transformed cells, they rapidly adhered to the keraƟnocyte 
cell layers when HPV-transformed cells transfected with E-cadherin were used [665]. E6 by modulaƟng E-cad-
herin expression in keraƟnocytes may indirectly limit presentaƟon of viral anƟgen by LCs. Although LCs are 
maintained in the epidermal microenvironment, the precursors are recruited under inflammatory condiƟons 
[666]. This recruitment is dependent upon cytokines and chemokines secreted by epidermal cells, among 
which macrophage inflammatory protein-3alpha (MIP-3alpha) is the most potent chemotacƟc agent for LC 
precursors [667]. Normal keraƟnocytes express consƟtuƟvely MIP-3a. Cells expressing the receptor for this 
chemokines such as memory T cells [668] and LCs precursor [669], migrate in response to this chemokine. 
The aƩracƟon of LCs to the transformaƟon zone is reduced as a consequence of the diminished expression 
of MIP-3 [636]. In addiƟon, HPV16 L2 VLPs have been shown to alter the phenotype and the maturaƟon of 
LCs by acƟvaƟon of the PhosphoinosiƟde-3-Kinase and down-regulaƟon of Akt [643].

It is to note that in most of the case, the immune system will be able to clear the infecƟon; only 1% of CIN1 
will progress to invasive cancer [1, 670].

c) TLR modulation and cancer association

The major role of TLRs is to defend host against infecƟon. As seen earlier, the TLRs recognize PAMPs and 
trigger innate immune response. They also play a role in Ɵssue repair, cell proliferaƟon, apoptosis and an-
giogenesis [6, 671-673]. Those later acƟviƟes link TLRs signaling to cancer. Moreover, TLRs are expressed by 
cancer cells [674] and their precise role carcinogenesis is quite controversial. In some studies TLRs acƟvaƟon 
is inhibiƟng cancer progression but in others it is promoƟng carcinogenesis and metastasis. I am going to de-
scribe how the TLR modulaƟons in cancers modify tumoral development with a special focus on TLR9. TLRs 
modulaƟon has an impact on the cancer cells and cells from the tumor micro-environment (immune cells, 
endothelial cells and fibroblasts) modulaƟng tumor growth.

(1) Association of TLR SNPs to cancer 

Single nucleoƟde polymorphisms (SNP) in TLRs have been linked to cancer. The more striking example is 
the SNPs linking TLR4 to H. pylori infecƟon and gastric cancer inducƟon. PaƟents suffering from the SNP 
Asp299Gly in TLR4 show an exaggerated inflammatory reacƟon with Ɵssue destrucƟon when infected by H. 
pylori which increase their cancer risk [9, 675]. So far, the associaƟon between TLR9 SNPs and cancer has not 
been well documented. The TLR9-1237T/C polymorphism, enhancing TLR9 transcripƟonal acƟvity, has been 
shown to be a risk factor in the development of H pylori induced premalignant gastric lesions [676]. A study 
of associaƟon between TLRs SNPs and lymphomas showed a 20% decreased risk of all lymphoma associated 
with the TLR9_1237 C-allele [677].
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(2) TLRs modulation and cancer

(a) Direct effect on cancer cells

(i) Expression on cancer cells 

TLR9 is differenƟally expressed on tumor and healthy Ɵssue. In some tumors TLR9 has been found up-reg-
ulated when compared to healthy Ɵssue. In prostate or lung cancer, expressions of TLR9 and ER are si-
multaneously increased especially in poorly differenƟated tumors [678]. However in breast cancer, TLR9 
up-regulaƟon has been associated with a lower probability of metastasis. A study on the clinical relevance 
of TLRs in breast cancer showed that tumors with high TLR9 expression by fibroblast like cells were associ-
ated with low probability of metastasis [679]. On the contrary high TLR3 and TLR4 expression respecƟvely on 
breast tumor cells or mononuclear inflammatory cell were significantly associated with higher probability of 
metastasis [679]. However treatment of these cancer cells with TLR3 agonist lead to apoptosis and significant 
tumor regression [680, 681]. 
In contrast, TLR9 levels are decreased during the transformaƟon of bone marrow cells of myelodysplasƟc 
syndromes (MDS) to overt leukemia (OL) [682]. TLR9 was mainly localized in neutrophils in healthy and re-
fractory anemia bone marrow; strongly expressed in the immature myeloid cells in refractory anemia with 
excess blasts bone marrow, but not expressed anymore in OL. TLR9 expression and funcƟon has been found 
to be abolished in cervical cancer cell lines and biopsies associated with HPV high risk type but not with HPV 
low risk type [371].  A study by Daud et al analyzed the changes in TLRs expression in women that either 
cleared or not HPV 16 infecƟon [628]. The clearance of the virus was associated with an increase in TLR2, 
TLR3, TLR7, TLR8 and TLR9, while the viral persistence was associated with a decrease in TLR3, TLR7, TLR8 
and TLR9 expression  [628]. Furthermore, TLR9 expression and responsiveness was abolished upon expres-
sion of HPV16 oncoproteins but not upon expression of protein from low risk type [371]. 
TLRs and especially TLR9 are differenƟally regulated depending on the type of cancer. Their dysregulaƟon 
might impact on the ability of TLR ligands to drive immune responses or apoptosis

(ii) Apoptosis 

Apoptosis pathways and regulaƟon:

Apoptosis or programmed cell death results from the sequenƟal acƟvaƟon of caspases (cysteine proteases). 
The process of apoptosis is induced by two main pathways the extrinsic and the intrinsic pathways. 

Extrinsic apoptosis signaling is mediated by the acƟvaƟon of “death receptors” which are cell surface recep-
tors that transmit apoptoƟc signals aŌer ligaƟon with their cognate ligands. Death receptors belong to the 
tumor necrosis factor receptor (TNFR) gene superfamily, including TNFR-1, Fas/CD95, and the TRAIL recep-
tors DR-4 and DR-5. Adapter molecules like FADD or TRADD are recruited through their death domain (DD) 
to the DD of the receptor thereby forming the death inducing signaling complex (DISC). Pro-caspase 8 is 
sequestered to the DISC. In type I cells, the local concentraƟon of several procaspase-8 molecules at the 
DISC leads to their autocatalyƟc acƟvaƟon and release of acƟve caspase-8. AcƟve caspase-8 then processes 
downstream effector caspases such as caspase-3 that subsequently cleave specific substrates resulƟng in 
cell death. Intrinsic apoptosis pathway relies on mitochondria that plays a central role in the integraƟon 
and propagaƟon of death signals originaƟng from inside the cell such as DNA damage, oxidaƟve stress, star-
vaƟon, as well as those induced by chemotherapeuƟc drugs. AcƟvaƟon of the intrinsic apoptoƟc pathway 
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leads to the rupture of the outer mitochondrial membrane, resulƟng in the release of proapoptoƟc proteins 
from the mitochondrial intermembrane space into the cytoplasm. Released proteins include cytochrome 
c, which acƟvates the apoptosome and therefore the caspase cascade, but also other factors such as the 
apoptosis-inducing factor (AIF). Cytosolic cytochrome c is binding to monomeric apoptoƟc protease acƟva-
Ɵon factor 1 (Apaf-1) which then, in a dATP-dependent conformaƟonal change, oligomerizes to assemble the 
apoptosome, a complex that triggers the acƟvaƟon of the iniƟator procaspase-9. AcƟvated caspase-9 sub-
sequently iniƟates a caspase cascade involving downstream effector caspases such as caspase-3, caspase-7, 
and caspase-6, ulƟmately resulƟng in cell death. The changes in mitochondrial membrane also cause a loss 
of the biochemical homeostasis of the cell: ATP synthesis is stopped, redox molecules such as NADH, NADPH, 
and glutathione are oxidized, and reacƟve oxygen species (ROS) are increasingly generated. Increased levels 
of ROS directly cause the oxidaƟon of lipids, proteins, and nucleic acids, thereby enhancing the apoptosis as 
part of a posiƟve feedback.

The apoptosis pathways are Ɵghtly regulated. Bcl2 family members are either pro-survival or pro-apoptot-
ic.  In addiƟon to Bcl-2 itself, there are a number of other pro-survival proteins (Bcl-XL, Bcl-w, A1, and Mcl-1) 
that are induced by NFB. The pro-apoptoƟc group of Bcl-2 members can be divided into two subgroups: the 
Bax-subfamily consists (Bax, Bak, and Bok) and the Bcl-2 homology domain 3 (BH3)-only proteins (Bid, Bim, 
Bik, Bad, Bmf, Hrk, Noxa, Puma, Blk, BNIP3, and Spike).  Bax and Bak are the central core of the proapop-
toƟc Bcl-2 death machinery. They are held in check by the pro-survival members of Bcl-2 family Bcl-2 and 
Bcl-XL. Other regulators of apoptosis exist such as Inhibitors of apoptosis proteins (IAPs). IAPs are a family 
of anƟ-apoptoƟc proteins transacƟvated by NFB. The PI3K/Akt pathway interferes with apoptosis regula-
Ɵon. Upon acƟvaƟon Akt negaƟvely regulates the funcƟon or expression of BH3-only proteins such as BAD, 
which exert their pro-apoptoƟc effects by binding to and inacƟvaƟng pro-survival Bcl-2 family members. Akt 
also phosphorylates and displaces FOXO transcripƟon factors from target genes and triggers their export 
from the nucleus. Through this mechanism, Akt blocks FOXO-mediated transcripƟon of target genes that 
promote apoptosis, cell-cycle arrest, and metabolic processes. In addiƟon, Akt phosphorylates MDM2 which 
promotes its translocaƟon to the nucleus, where it negaƟvely regulates p53 funcƟon. Two transcripƟonal 
targets of p53 are the BH3-only proteins Puma and Noxa, which appear to be the essenƟal targets in p53-
induced apoptosis.

TLR9 and apoptosis

SƟmulaƟon of TLRs has been shown to be pro- or anƟ- apoptoƟc depending on the TLR, the cell type and the 
metabolic condiƟon of the cell. In some condiƟons TLRs engagement lead to recruitment of pro-apoptoƟc 
proteins such as caspase 8 via MyD88 and FADD or TRIF, RIP1 and FADD [683].   
A couples of reports showed that CpG sƟmulaƟon of TLR9 induced apoptosis via caspase 3 cleavage in fi-
broblast and human glioma cell lines [684, 685].  However the exact mechanism remains unknown. It was 
also shown that treatment with TLR9 ligand increases the survival of nude mice with experimentally induced 
brain tumors via caspase 3 dependent apoptosis [685]. Opioids induced microglia apoptosis has been shown 
to be mediated via TLR9 dependent inducƟon of Bax and decrease of Bcl-2 [686, 687]. However the precise 
mechanism remains unknown. In addiƟon, TLR9 triggering may also induce extrinsic apoptosis via cytokine 
secreƟon. TLR9 ligand sƟmulaƟon of B-CLL induced NFB dependent IL10 secreƟon acƟvaƟng STAT1 phos-
phorylaƟon and leading to apoptosis in vitro in 78 % of the paƟents (n=23) and in a xenograŌ model in NOD-
scid mice where the B-CLL were pretreated with CpG prior to injecƟon [688]. 
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On the contrary, it has been shown that TLR9 ligands can inhibit spontaneous apoptosis. Ex vivo TLR9 trigger-
ing by CpG ODN (phosphothiorate backbone) can inhibit the spontaneous apoptosis of human neutrophils 
via PI3K / AKT signaling pathway [689]. 
Several studies analyzed the potenƟal link between TLR9 engagement and inducƟon of apoptosis by extracel-
lular factors. It was shown that triggering of TLR9 inhibit apoptosis induced by serum starvaƟon via HSP70 
up-regulaƟon or Akt acƟvaƟon [690], dexamethasone [691] or staurosporine via up-regulaƟon of HSP70 
[690]. However, the protecƟon induced by TLR9 ligands against TRAIL-induced apoptosis in MM was not 
dependent on TLR9 by itself but on the binding of the phosphorothioate backbone of CpG to TRAIL and DR4 
and therefore inhibiƟon the apoptosis [692].
In conclusion, TLR9 engagement depending on the cell type, the ligand used and the experimental condi-
Ɵons displays pro- or anƟ-apoptoƟc acƟviƟes that dependent mainly on STAT-1 and Akt signaling pathways 
respecƟvely.

(iii) TLR9 pathway and tumorigenesis  

The TLRs agonists have been used in a plethora of xenograŌ models or in vitro studies to determine their pro 
or anƟ-tumor role on tumor growth and cellular proliferaƟon. 
CpG dependent TLR9 acƟvaƟon has been shown to have anƟ-proliferaƟve acƟon on different cancer cells. In 
xenograŌ model of ovarian carcinoma, human small cell lung cancer, human colon cancer and human lung 
adenocarcinoma cell lines, treatment of the mice with CpG-B led to a decrease in tumor size when compared 
to controls [693, 694]. Furthermore, in vitro, TLR9 agonists are able to decrease human colon cancer cells 
proliferaƟon and survival independently of p53 [695].  TLR9 agonists have been shown to inhibit the EGFR/
Akt pathway leading to a decrease in proliferaƟon of cancer cells [696].
In contrast in other studies, TLR9 engagement has been shown to induce proliferaƟon and invasiveness of 
cancer cells. In vitro, CpG treatment has been found to induce matrix metalloproteinase-13 (MMP13), which 
enhanced the invasiveness of prostate cancer cell line [697].  MMP13 secreƟon by cancer cells was induced 
via TRAF6 signaling regulated by estrogen independently of MyD88 [698, 699]. The same group showed the 
same effect of CpG sƟmulaƟon in human breast cancer (MDA-MB-231), astrocytoma (U373) and glioblas-
toma (D54MG) cell lines [700]. The results obtained in vitro or in xenograŌ models have to be taken with 
cauƟon. The cell lines have accumulated a lot of mutaƟons in culture that are probably not found in vivo in 
tumors.  Moreover the xenograŌ model is very arƟficial. The mice are immunodeficient to be permissive to 
allogenic tumor growth so all the interacƟons between immune system and tumors are lost.
The link between TLRs and chemically induced skin carcinogenesis in mice has been analyzed. It was shown 
that the inducƟon of tumors was dependent on TLR4 and MyD88 but not on TLR2 and TLR9 [701].
Since MyD88 is the adaptor involved in TLR9 signaling, modulaƟon of tumorigenesis by this molecule might 
be relevant to TLR9. MyD88 has been shown to promote tumorigenesis in a mouse model of spontaneous 
intesƟnal tumorigenesis and in azoxymethane-induced colon carcigenesis in IL10 deficient mice, via the IL6-
STAT3 pathway [7, 702]. In addiƟon, MyD88 has also been involved in oncogene-induced (Ras) carcinogenesis 
in mice [703]. These findings have been confirmed in humans where a mutaƟon leading to a hyperacƟvaƟon 
of Myd88 induced a tumor cell survival [704]. Conversely, MyD88 as adaptor of the IL18 receptor has been 
shown to be protecƟve in the azoxymethane/ DSS injury-induced experimental model of coliƟs-associated 
colorectal cancer. Innate receptor recogniƟon of commensal flora through MyD88 signaling is important to 
maintain mucosal homeostasis. The inability of MyD88-deficient mice to heal ulcers generated by injury with 
DSS may create an altered inflammatory environment that exacerbates the mutaƟon rate in mucosal epithe-
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lial cells following exposure to the mutagen azoxymethane and results in augmented adenoma formaƟon 
and cancer progression [705]. 

(b) Indirect effect of tumor micro-environment 

The tumor microenvironment, which includes for instance immune cells, fibroblasts and endothelial cells, is 
also affected by TLRs modulaƟon and has been implicated as a major factor for progression and metastasis 
of cancer [706]. When considering mice model limitaƟon to assess the role of the microenvironment, use of 
TLR ligands in vivo in immunocompetent mice is thus crucial. 

(i)  Angiogenesis

Wound healing and cancer progression have striking similariƟes, including the angiogenesis and the rear-
rangement of the molecular matrix around the cells. Cancer progression can be seen as an uncontrolled 
wound repair. Vascular endothelial growth factor (VEGF) is the main factor involved in tumor angiogenesis 
[668] and in wound healing [669]. TLR9 agonist can modulate VEGF producƟon in macrophage in vitro or in 
vivo [670]. During wound healing, TLR9 acƟvaƟon has been shown to induce VEGF in different murine mac-
rophages [671, 672]. In addiƟon, TLR9 sƟmulaƟon enhanced VEGF release in H. pylori infected gastric cells 
and lung tumor cells via Cyclooxygenase-2 InducƟon (Cox-2), which was associated with increased tumor 
lesions  [673, 674]. On the contrary TLR9 ligand sƟmulaƟon of colon cancer cells has been shown to reduce 
VEGF producƟon by inhibiƟng the EGFR-Akt pathway [657]. The Ɵssue repair and regeneraƟon process has 
been reported to depend on MyD88 signaling since wound healing was impaired in MyD88- deficient mice 
[675]

All together those data show that TLR9 sƟmulaƟon has a dual role in angiogenesis depending on the cell type 
and the experimental condiƟon it might induce or inhibit VEGF producƟon.

(ii) TLRs modulation on Immune cells 

TLR modulaƟon on cell of the micro-environment affects immune recogniƟon thereby modulaƟng tumor 
development. Cancer progression and metastasis are thought to be due to a down-regulaƟon of the anƟ-
tumor acƟvity of infiltraƟng immune cells (macrophages, DCs and T cells) [706-708]. 
AlteraƟon of TLR9 signaling in immune cells has been found altered in numerous cancers such as HBV and 
HCV related cancers, HNSCC or ovarian cancer as a consequence of soluble factors released by tumor cells 
such as TGF or IL10 or binding of viral anƟgen to the immune cells [396, 709-711]. Beside soluble factors, 
ligands expressed on tumor cells were shown to inhibit the ability of pDCs to produce IFN in response to 
TLR-L. ILT7, a receptor expressed by pDCs specifically whose ligand is BST2, has been shown upon cross-
linking or BST2 ligaƟon to diminish TLR7 and TLR9 dependent IFN producƟon [712, 713]. Since BST2 has 
been found expressed on brain, breast cancer, mulƟple myeloma cells and melanoma cell lines and its ex-
pression could therefore modulates TLRs responses of neighboring pDCs [712, 714-717]. Because IFN is 
required for immunoediƟng process to inhibit primary tumor growth [718, 719] interacƟon between BST2 
expressed on cancer cells and ILT7 that suppress pDCs IFN responses may contribute to immune toler-
ance. 
Different immune cells expressed different TLRs and their acƟvaƟon induces an immune response that may 
inhibit tumor development notably IFNor may favor tumor development. Indeed it has been shown that 
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TLRs sƟmulaƟon was affecƟng directly regulatory T cell (T reg) biology.  While TLR8 sƟmulaƟon has been 
shown to revert the suppressive acƟvity of human Treg, TLR5 triggering was found to enhance the suppres-
sive acƟviƟes of human T reg [720, 721]. In addiƟon, it was shown that murine DCs acƟvated by TLR4 and 
TLR9 ligands overcame Treg-mediated suppression and thereby restored proliferaƟon of responder T cells 
[428]. 

(iii) Use of TLRs agonist as anti-cancer therapeutic 

The first use of TLRs ligand to treat cancer goes back 30 years ago, with Mycobacterium BCG (bacillus CalmeƩe 
Guerin) a potent acƟvator of TLR2 and TLR4 used to treat bladder cancer [722, 723]. Several TLR agonists have 
been demonstrated to produce anƟtumor effects and nowadays are used in clinic to treat cancer [724, 725]. 
R837 (imiquimod), a TLR7-L, is used to treat human papilloma virus infecƟon induce genital wart [726] and 
basal cell carcinoma of the skin [726, 727]. CpG-ODN were used in numerous clinical trial, in non Hodgkin’s 
lymphoma with rituximab (phase I) [728], in refractory chronic lymphocyƟc leukemia (phase I) [676, 729], in 
refractory cutaneous T cell lymphoma (phase I) [730], in basal cell carcinoma or metastasic melanoma (phase 
I) [731, 732]. TLR9 agonists are also used to treat chronic lymphocyƟc leukemia [733], brain and renal cancer. 
While phase I and II clinical trial of CpG used in combinatory approach with radiotherapy or chemotherapy 
were promising, a lot of trial did not proceed to phase III [734].
Agonists of TLR9 have shown anƟtumor acƟvity, alone and in combinaƟon with chemotherapy and radio-
therapy. They were shown able to acƟvate natural killer, dendriƟc and cytotoxic T cells and enhance the anƟ-
body-dependent cell-mediated cytotoxicity (ADCC) of monoclonal anƟbodies such as anƟ-EGFR or anƟ-CD20 
anƟbody in vitro and in vivo [735-737]. However, the molecular mechanisms by which they affect tumor 
growth and angiogenesis have not been fully elucidated.  

As seen earlier the role of TLRs in cancers remains highly controversial. One of the problems that research-
ers are facing is the non specificity of TLRs tools which renders the research quite difficult. Furthermore, 
differences might also appear depending of experimental seƫngs, for example CpG sƟmulaƟon has different 
effect depending on the backbone of the CpG [692]. The purely in vitro data and the xenograŌ models in 
immunodeficient mice are good models to start with, but they should be confirmed by more physiological 
models. We have also to consider interspecies differences between human and mice. In human immune cells 
TLR9 expression is restricted to B cells, pDCs and polymorphonuclear leukocytes while in mouse B cells, mac-
rophages and neutrophils, and all DC subpopulaƟons do express TLR9 [354, 370, 372].
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I I . P R E S E N TAT I O N  O F  T H E  T H E S I S  P R O J E C T

81 



Figure 20: Thesis projects.  
  1-InhibiƟon of p21 by HPV16E6 by inacƟvaƟon of p150. 
  2-Role of TLR9 in proliferaƟon and cell cycle. 
  3-ModulaƟon of TLR9 by EBV to induce viral persistence. 
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My thesis project focused on the relaƟonship between the oncoviruses EBV and HPV and the ways they 
deregulate innate immune responses or cell cycle to persist, replicate and at last induce cancer. Cancer rep-Cancer rep-
resents the second most common cause of death in industrialized countries. Epidemiological and biological 
studies have now conclusively proved that a variety of infecƟous agents consƟtute one of the main causes of 
cancer worldwide. It has been pointed out that more than 20% of cancers are from infecƟous origin [1]. EBV 
and HPV are respecƟvely associated with 16% and 44% of virus induced cancers. In both case it is now widely 
accepted that persistent infecƟon is mandatory for the development of cancer.
Keys features for oncoviruses to induce cancer are viral persistence and inducƟon of genomic alteraƟon 
within the host cell. In order to persist, HPV and EBV need to escape innate and adapƟve immune response 
and deregulate host cell cycle. Altogether these escape mechanisms are required to carry on their life cycle 
inducing therefore genomic instabiliƟes that might lead to cancer.  
The purpose of this thesis was to find new mechanisms by which EBV and HPV can promote carcinogenesis 
through three independent but interconnected projects (Figure 19).
(1) The first aspect of my project dealt with the mechanism of cell cycle deregulaƟon by the oncoprotein 
HPV16E6. The ability of HPV16E6 to deregulate the G1/S phase of the cell cycle through p53 degradaƟon pre-
venƟng transcripƟon of the CDK inhibitor p21was already idenƟfied [172, 173]. However, addiƟonal mecha-
nisms independent of p53 were previously described [738, 739]. Here, we reported that HPV16 E6 targets 
the cellular factor p150Sal2, which posiƟvely regulates cdkn1atranscripƟon. HPV16 E6 associates with p150Sal2, 
inducing its funcƟonal inhibiƟon by prevenƟng its binding to cis elements on the p21WAF1 promoter. These 
data described a novel mechanism by which HPV16E6 induces cell cycle deregulaƟon in a p53-independent 
pathway. The viral oncoprotein targets p150Sal2, a posiƟve transcripƟon regulator of p21WAF1 gene, prevent-
ing G1/S arrest and allowing cellular proliferaƟon and efficient viral DNA replicaƟon. 
(2) As TLR9 has been shown to be deregulated in several viral and none viral induced cancer, we secondly 
analyzed whether TLR9 may also a direct role in the process of cell cycle control and that loss of its expression 
may lead to transformaƟon of the cell. Our overall objecƟve here was to study the role of TLR9 in suppressing 
the events that iniƟates transformaƟon of epithelial cells in the seƫng of cervical cancer (virus-associated) 
and in head and neck cancer (non–virus-associated). Therefore, we tried to determine if TLR9 is able to con-
trol cell cycle progression in the context of viral or non-viral induced carcinogenesis. In parƟcular, we tested 
the hypothesis that TLR9 controls cell cycle regulaƟon and that suppressing its expression as seen in several 
cancers leads to cell cycle entry and unrestrained cellular proliferaƟon.
(3) Based on previous observaƟon in the group [371] showing HPV–mediated TLR9 dysregulaƟon, we at last 
aimed at assessing whether another oncovirus would be able to deregulate TLR9, a key effector molecule of 
the viral innate immune response. This is of interest especially as human B cells strongly express TLR9 which 
is involved in their physiology such as anƟbody class switch [740], proliferaƟon and enhance anƟgen presen-
taƟon abiliƟes [741]. We have shown that EBV infecƟon of human primary B cells can alter the regulaƟon and 
expression of tlr9. This resulted in the inhibiƟon of its funcƟonality. We demonstrated that this mechanism 
was through NF-B acƟvaƟon via the latent LMP1 protein. 
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A. PAPER 1: HUMAN PAPILLOMAVIRUS TYPE 16 E6 INHIBITS P21WAF1 TRANSCRIPͳ
TION INDEPENDENTLY OF P53 BY INACTIVATING P150SAL2

HPV16 E6 deregulates G1/S cell cycle progression through p53 degradaƟon prevenƟng transcripƟon of the 
CDK inhibitor p21WAF1. However, addiƟonal mechanisms independent of p53 inacƟvaƟon appear to exist. 
Here, we report that HPV16 E6 targets the cellular factor p150Sal2, which posiƟvely regulates p21WAF1 
transcripƟon. HPV16 E6 associates with p150Sal2, inducing its funcƟonal inhibiƟon by prevenƟng its binding 
to cis elements on the p21WAF1 promoter. A HPV16 E6 mutant, L110Q, which was unable to bind p150Sal2, 
did not affect the ability of the cellular protein to bind p21WAF1 promoter, underlining the linkage between 
these events. These data describe a novel mechanism by which HPV16 E6 induces cell cycle deregulaƟon 
with a p53-independent pathway. The viral oncoprotein targets p150Sal2, a posiƟve transcripƟon regulator 
of p21WAF1 gene, prevenƟng G1/S arrest and allowing cellular proliferaƟon and efficient viral DNA replica-
Ɵon.
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B. PAPER 2: RESTORATION OF TOLLͳLIKE RECEPTOR 9 INDUCES A SLOWDOWN IN CELL 
PROLIFERATION: INVOLVEMENT OF THE DOWNͳREGULATION OF TLR9 IN CARCINOGENͳ

ESIS.

Oncoviruses such as EBV (Epstein Barr Virus), HPV (Human Papilloma Virus) and HBV/HCV (Human HepaƟƟs 
B/C Virus) involved respecƟvely in Non Hodgkin’s lymphoma, cervical cancer and liver cancer contribute to 
12.1% of all cancer. As the immune response is a key component for the development of these cancers, de-
regulaƟng the innate immune response would be imperaƟve to promote viral cellular transformaƟon. The 
innate immune system senses pathogen components via many innate sensors of which the predominant 
members are the Toll Like Receptor (TLR) family. TLR9 recognizes unmethylated dsDNA sequences from bac-
teria or viruses in the form of CpG moƟfs. Therefore, we studied the role of TLR9 in suppressing the events 
that iniƟate transformaƟon of epithelial cells in the seƫng of cervical cancer (virus-associated) and in head 
and neck cancer (non–virus-associated). TLR9 expression lead to a transient slow-down in cell proliferaƟon 
associated with an increase of the cell cycle regulators p53, p21 and p27 and a longer S-phase. Our study 
shows that besides its funcƟon in innate immune response TLR9 might also play a role in inhibiƟng cellular 
transformaƟon.

RestoraƟon of Toll-Like Receptor 9 expression in epithelial tumor cells induces a slowdown in cell prolifera-
Ɵon

Parroche P(1,2), Goutagny N(3), Malfroy M(3), Zanneƫ C(1), Roblot G(1), Varisio D(4), Gissman L(4), Chopin S(2),Le 
Calvez-Kelm F(5), Mckay J(5), Tommasino M(2), Hasan UA(1).

(1) U851 oncoviruses and innate immunity, Lyon Sud, France (2) InfecƟon and cancer biology group, IARC, Lyon, (3) U1052, Centre 

de recherche en Cancérologie de Lyon Lyon (4) Genome modificaƟon and carcinogenesis, DKFZ germany, (5) GeneƟc Cancer Sus-

cepƟbility Group, IARC, Lyon.

INTRODUCTION
The innate immune system senses pathogen components via many innate sensors of which the predomi-
nant members are the Toll Like Receptor (TLR) family. The TLRs are Pathogen RecogniƟon Receptors (PRRs) 
expressed on immune cells as well as on non immune cells such as epithelial or endothelial cells. TLRs can 
be broadly divided in two groups; the cell surface expressed TLRs (TLR1, TLR2, TLR4, TLR5 and TLR6) that 
are acƟvated mainly by bacterial and viral surface associated PAMPs; and the endosomal TLRs (TLR3, TLR7, 
TLR8 and TLR9) that respond to nucleic acid of virus and bacteria. TLR9 is involved in the recogniƟon of un-
methylated CpG moƟfs 2-deoxyribose sugar backbone. [376, 393]. A number of viruses have been shown to 
trigger TLR9 responses, such as herpesviruses (HSV-1) [377], KHSV [449] and EBV [450]. There is increasing 
evidence that TLRs beside of their role in recognizing pathogen products are also able to recognize danger 
products released by injured Ɵssue or dying cells such as HMGB1 or host DNA. TLRs seem to have a dual 
role in cancers. Indeed, as TLRs are expressed on tumor cells but also on stromal cells including endothelial 
cells, immune cells and fibroblasts, they may influence tumor growth via many ways [742].  TLR9 is differen-
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Ɵally expressed on tumor and healthy Ɵssue. In some tumors, such as prostate cancer, TLR9 has been found 
up-regulated when compared to healthy Ɵssue [678]. TLR9 is down-regulated in several cancers including 
breast cancer, myelodysplasƟc syndrome to overt leukemia transformaƟon and HPV high risk type associ-
ated cancers [371, 381, 628, 679, 682]. Furthermore, loss of TLR9 funcƟon in pDCs has been associated with 
several cancers such as ovarian cancer [710], head and neck squamous cell carcinomas [396], hepaƟƟs B and 
C virus-associated cancer [709, 711]. Therefore, we studied the role of TLR9 in suppressing the events that 
iniƟate transformaƟon of epithelial cells in the seƫng of cervical cancer (virus-associated) and in head and 
neck cancer (non–virus-associated). We assessed whether TLR9 is able to control cell cycle progression in the 
context of viral or non-viral induced carcinogenesis. In parƟcular, we tested the hypothesis that TLR9 controls 
cell cycle regulaƟon and that suppressing its expression as seen in several cancers leads to cell cycle entry and 
unrestrained cellular proliferaƟon. We have shown that TLR9 expression induced a cell proliferaƟon slow-
down and a longer S-phase due to p21/p53 acƟvaƟon.

RESULTS
CharacterizaƟon of TLR9 constructs and cell lines expressing TLR9
To invesƟgate the role of TLR9 in cell cycle regulaƟon we used several over-expression strategies; (i) a tran-
sient transfecƟon using a pcDNA vector encoding TLR9;  (ii) cell lines stably transduced with a retroviral vec-
tor (pbabe) and (iii) cell lines stably expressing TLR9 under an inducible promoter (PLVUT’’). We first assessed 
that the non inducible vectors encoding TLR9 were funcƟonal. We transiently transfected Hek 293 cells with 
increasing concentraƟon of TLR9 expressed in pcDNA or in pbabe (Figure 1A) and measured the NFkB acƟvity 
aŌer overnight sƟmulaƟon by 3uM of CpG-B. The expression of both plasmids was sufficient to elicit a TLR9 
response (Figure 1A). However it has to be noted that the pcDNA-TLR9 plasmid induced a 40 Ɵmes higher 
NFkB response when the cells were sƟmulated with CpG as compared to the unsƟmulated control (Figure 
1A) whereas the pbabe-TLR9 induced only a response four Ɵmes higher. The difference might be due to the 
fact that pbabe has a retrovirus backbone and might be transfected at a lesser efficiency than pcDNA derived 
plasmids.  We next generated and tested a Caski cell line derived from HPV16 + cervix cancer that would 
stably express TLR9 under control of a tetracycline inducible promoter: PLVUT’’-TtKRAB. In this cell line TLR9 
could be expressed upon doxycyclin treatment. We next checked the inducibility of the cell line. We first 
analyzed TLR9 mRNA expression by quanƟtaƟve PCR aŌer inducƟon with doxycyclin (Figure 1B). The mRNA 
is induced almost fiŌeen fold in the Caski PLVUT’’-TLR9 upon doxycyclin treatment. However in the condiƟon 
doxycyclin/Tetracyclin free, the mRNA for TLR9 is fourteen fold more elevated in the Caski PLVUT’-TLR9 than 
in the Caski PLVUT’-GFP (Figure 1B). We next analyzed the TLR9 protein expression by western bloƫng of 
the two Caski cell lines. As shown in Figure 1C, the TLR9 protein is not expressed in tetracycline / doxycyclin 
free medium but is well induced upon doxycyclin treatment. While there was some TLR9 mRNA expression 
in absence of doxycyclin, the TLR9 protein is not detected without inducƟon (Figure 1C). We also analyzed 
TLR9 expression by flow cytometry and seen that 100% of the Caski PLVUT’-TLR9 and PLVUT’-GFP were ex-
pressing TLR9 and GFP respecƟvely upon doxycyclin treatment (Data not shown). We next invesƟgated if the 
PLVUT’-TLR9 construct was funcƟonal.  PLVUT’-GFP and PLVUT’-TLR9 were transiently transfected in Hek 293 
in presence of doxycyclin and NFkB acƟvaƟon was measured aŌer sƟmulaƟon with various ligands (Figure 
1D). The cells transfected with PLVUT’-GFP showed an increase of NFkB acƟvaƟon aŌer TNF sƟmulaƟon but 
not upon CpG and R848 treatment. The cells transfected with PLVUT’-TLR9 responded as well to TNF with a 
similar NFB acƟvaƟon than the GFP cells, showing that both plasmids did not alter NFB acƟvaƟon. The cells 
transfected with TLR9 acquired the ability to respond CpG an agonist of TLR9 whereas a TLR7 ligand R848 was 
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unable to induce NFkB acƟvaƟon by those cells (Figure 1D). The PLVUT’-TLR9 construct allowed an inducible 
expression of TLR9 which is funcƟonal since it can bind TLR9 ligand and signal. We next decided to invesƟgate 
the effect of TLR9 expression on cell proliferaƟon.

Re-expression of TLR9 inhibits cell proliferaƟon
We invesƟgated the effect of TLR9 expression in different cell types. TLR9 was introduced in Hek 293 cells 
and the cell growth was assessed by MTT assay aŌer 48 hours (Figure 2A). The quanƟty of TLR9 correlated 
with a decrease in cell proliferaƟon in a dose dependent manner in these heavily transformed cell lines. The 
effect of the expression of TLR9 was assessed in non transformed immortal Near Diploid Immortalized Kera-
Ɵnocytes (NiKs) and in HPV transformed NiKs expressing the oncoproteins of HPV E6 and E7 (NiKs 16E6E7). 
Similarly to the previous data, TLR9 was able to decrease cellular proliferaƟon in those cell lines (Figure 2 B 
and C). NiKs and NiKs16E6E7 were stably transduced with pbabe or pbabe_TLR9 (Figure 2B), selected and 
tested in a doubling populaƟon assay. TLR9 expression slowed down cell proliferaƟon as assessed by the dou-
bling populaƟon counƟng. TLR9 and GFP were stably expressed in a cervical cancer cell line HPV+ (SiHa) and a 
HNSCC transformed cell line (124). Accordingly, TLR9 was also able to slow down cell proliferaƟon (Figure 2C). 
Cells used in a MTT or doubling populaƟon assay aŌer ten fiŌeen days in culture were not showing any sign of 
cell growth inhibiƟon (Data not shown).  The cells that were able to survive the crisis induced by TLR9 would 
recover and not show any sign of inhibiƟon of cell proliferaƟon despite the expression of TLR9. Upon expres-
sion and selecƟon, TLR9 was able to diminish colony formaƟon in NiKs, NiKs16E6E7, Caski and SiHa (Figure 
2D). In conclusion TLR9 expression induced a slowdown in cellular proliferaƟon of both immortal and heavily 
transformed cell lines. We next determined the mechanism involved in TLR9 inhibiƟon of cell proliferaƟon.

TLR9 mediated effects on cell cycle
Since TLR9 has been linked to apoptosis, we first checked whether TLR9 re-expression in cervical Caski and 
HSCNN 136 lines was increasing cell death by necrosis or apoptosis. We analyzed by flow cytometry the Caski 
cell lines posiƟve and negaƟve (Figure 3A) for TLR9 aŌer annexin V and propidium iodide (PI) staining. As 
shown in Figure 3A, both cell lines exhibited similar percentage of cells in necrosis (AnnV+/PI+) or apoptosis 
(AnnV+/PI-). TLR9 induced slow-down of cell proliferaƟon did not involved cell death inducƟon. We next try 
to determine if the cellular replicaƟon was altered by TLR9 expression. First we analyzed the DNA content by 
PI staining and flow cytometric analysis. There was no difference between the cells expressing or not TLR9 
(Figure 3B). The percentage of cells in G1, S and G2 phases of the cell cycle was roughly the same. To inves-
Ɵgate the apparent poor efficiency of TLR9 expression on cell cycle inhibiƟon, we performed bromodeoxyu-
ridine (BrdU) uptake experiments where BrdU+ cells indicate the percentage of cells in S-phase. The PLVUT’-
GFP and TLR9 cell lines were induced for five days and pulsed thirty minutes with BrdU fixed and analyzed 
for BrdU content by flow cytometry. As seen in Figure 3 C, when cells are in cycling condiƟon (cycling), the 
percentage of cells that replicated within 30 minutes is the same independently of TLR9 expression. To study 
the impact of TLR9 in the progression through the cell cycle,  we synchronized both cell lines with a thymidine 
double block then added BrdU, released the cells and harvested the cells at different Ɵme points (Figure 3C 
Time aŌer sync). AŌer synchronizaƟon, TLR9 expression leads to a decrease number of BrdU posiƟve cells. 
However this effect seems to be rather short lived since aŌer 8 hours the percentage of BrdU posiƟve cells 
in both condiƟons was the same. To further define the mechanism of TLR9-mediated growth inhibiƟon we 
analyzed the cell cycle distribuƟon. HNSCC 136 expressing empty pbabe (Figure 3D leŌ panel) or pbabe-TLR9 
(Figure 3D right panel) or pbabe-GFP (Figure 3D middle panel) were pulsed for twenty minutes with BrdU 
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and cell cycle phase were analyzed by flow cytometry. There is no significant difference between the cells 
expressing the empty vector or the GFP but the cells expressing TLR9 showed a delayed S-phase, marked by 
the arrow on Figure 3D right panel. TLR9 expression is able to delay the S-phase inducing a transient slow-
down of cell proliferaƟon. 

TLR9 re-expression effect on cell cycle regulators
Based on the observaƟon that TLR9 restoraƟon could promote cell cycle arrest we tried to idenƟfy which cell 
cycle regulators could mediate these effects. The effect of TLR9 on the p53 dependent cdkn1a and pig3 ex-
pression was analyzed. The p21 (Figure 4A) and pig3 (Figure 4B) promoters cloned upstream of the luciferase 
were co-transfected into cells with either empty or TLR9 or p53 encoding pCDNA plasmid and luciferase 
acƟvity was measured. TLR9 expression was able to drive pig3 promoter (Figure 4B) and to a less extend p21 
promoter (Figure 4A). We then examined the effect of TLR9 over-expression on p21, p27 and p53 by west-
ern bloƫng in stable Caski, Hela and Siha cell lines. As seen in Figure 4C, the expression of TLR9 induced the 
protein expression of p21, p27 and p53. TLR9 expression induced an increase in p53, p21 and p27 that may 
delay the replicaƟon of the cells by blocking transiently cells in S phase.

Cell death and TLR9
As previously menƟoned, late passage TLR9 expressing cells lost the TLR9 dependent inhibiƟon of prolif-
eraƟon (data not shown). We hypothesized that the anƟ-proliferaƟve response induced by TLR9 effect was 
ligand mediated and that a danger associated molecular paƩern (DAMP) could be released. We tried to de-
termine whether cell death inducer could induce the release of such DAMPs and then decrease the prolifera-
Ɵon of late passage TLR9 expressing cells. We treated stable TLR9 or GPP expressing siHa cells with increasing 
concentraƟons of cisplaƟn (CPPD) for four days. As shown in Figure 5A, TLR9 expression did not affect the 
survival as measured by MTT of cells treated with various concentraƟon of cisplaƟn. Likewise, when we used 
Caski, HNSCC 124 or HNSCC 136 we did not see any effect of the TLR9 expression on cell death. In addiƟon 
similar results were obtained when cells were treated with other death inducers such as H2O2 and doxoru-
bicin (data not shown). We next tried to determine if a soluble factor released during puromycin induced cell 
death could account for the differences seen between TLR9 or GFP expressing cells. We added supernatant 
from cells (puromycin sensiƟve) treated with puromycin for three days to cells stably expressing TLR9 or GFP 
that are resistant to puromycin and assessed the proliferaƟon by MTT aŌer four days. The supernatant from 
dying cells affected the proliferaƟon of both TLR9 and GFP expressing cells in a similar way as shown in Figure 
5B for the HNSCC 136. Such experiment was also performed with SiHa, Caski and HNSCC 124 cell lines and 
displayed similar results (data not shown). Cell proliferaƟon in TLR9 or GFP expressing cells was similar in all 
the cell lines.  We next co-cultured mock and GFP or TLR9 HNSCC 136 expressing cells with cells treated with 
puromycin, cisplaƟn or H2O2 (killed cells) and analyzed cell proliferaƟon aŌer four days. In order to deter-
minate cell proliferaƟon and analyze for GFP or TLR9 expression specifically on HNSCC cells, killed cells were 
previously loaded with fluorescent PKH26 dye. Furthermore, cell proliferaƟon of HNSCC cells was monitored 
using violet cell trace reagent dye. Violet cell trace reagent has the ability to stably label molecules within 
cells, with each cell division resulƟng in a successive decrease of its fluorescence intensity; thereby the more 
the cells will proliferate the less bright they will be. AŌer four days of co-culture the mock and TLR9 express-
ing 136 cells showed idenƟcal proliferaƟon (Figure 5C). Similarly the proliferaƟon of the GFP and the mock 
expressing cells was the same (data not shown). 136 cells pretreated with CPPD were added to a co-culture of 
mock and TLR9 136 expressing cells for four days (Figure 5D). The addiƟon of killed cells had the same effect 
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on TLR9 and mock expressing cells. Likewise the proliferaƟon of the GFP and the mock expressing cells was 
the same when co-cultured with killed cells. The supernatant of the killed cells was added to the co-culture 
of mock and TLR9 or GFP expressing cells. As shown in Figure 5E the proliferaƟon of the cells was idenƟcal 
between the TLR9 and mock expressing cells. In the same way GFP and mock expressing cells showed an 
idenƟcal proliferaƟon. Altogether those data suggest that short-lived effect of TLR9 on cell proliferaƟon as 
observed early aŌer cell transducƟon is not mediated by the released of DAMP generated upon cell death.

Search for pathway-TLR9 inducible genes
In order the pathway involved in anƟ-proliferaƟve acƟvity of TLR9, we performed transcriptome analysis in 
TLR9 expressing cells. Hek 293 cells were transiently transfected either with mock or TLR9 pcDNA. AŌer 48 
hours cells were harvested, and counted before RNA isolaƟon. As expected we found fewer cells in TLR9 
expressing condiƟons. RNA was analyzed with illumina bead array in triplicate. Raw data were analyzed with 
the genespring soŌware (agilent) and are summarized in Table 1. One gene was significantly up-regulated in 
response to TLR9 expression colony sƟmulaƟng factor 3 (G-CSF) when compared to mock or TLR7 expressing 
condiƟons. The transcript for G-CSF was increased 6.9 and 14.9 Ɵmes in TLR9 transfected cells as compared 
to the control. One transcript Heat Shock Protein 70 (HSP70) was significantly down-regulated aŌer the ex-
pression of TLR9.

DISCUSSION
The major role of TLRs is to defend host against pathogens via PAMP recogniƟon and triggering of innate im-
mune response. They also play a role in Ɵssue repair, cell proliferaƟon, apoptosis and angiogenesis [6, 632-
634]. Those later acƟviƟes link TLRs signaling to cancer. Moreover, TLRs are expressed by cancer cells [635] 
and their role carcinogenesis is sƟll quite controversial.
Our results point out the associaƟon of TLR9 expression with cell cycle control. We have shown that re-
expression of TLR9 in cervical and head and neck cancer cells was able to inhibit transiently cell proliferaƟon. 
However this effect was short lived; when the cells were let to rest long enough aŌer the expression of TLR9 
there was no difference between TLR9 and mock expressing cells. One explanaƟon might be that the trans-
fecƟon or the transducƟon of the cells might transiently release DAMPs that will trigger TLR9 and induce cell 
growth inhibiƟon. Indeed it has been shown that TLR9 would respond to histone during hepaƟc ischemia/
reperfusion injury and induce sterile inflammatory liver injury [713]. Furthermore another report showed 
that injury would induce the release of mitochondrial DNA that would acƟvate cells in a TLR9 dependent 
manner [714]. Using various experimental condiƟons, we were unfortunately unable to show any effect of 
cell death induced DAMPS on proliferaƟon of TLR9 expressing cells. 

 The DNA content as shown by PI staining was not affected by TLR9 expression. In contrast, the percentage of 
cells posiƟve for BrdU aŌer synchronizaƟon was significantly decreased in TLR9 posiƟve cells when compared 
to mock expressing cells for few hours. It was previously published that when two cell populaƟons differ by 
the duraƟon of cell cycle phases without variaƟons in the relaƟve proporƟons of cells in each phase, flow 
cytometry by PI analysis shows similar DNA content  profiles while the percentage of cells in S-phase uptaking 
3H-Thymidine during the same incubaƟon period will vary [715]. This is consistent with our data and might 
suggest that TLR9 expression would rather aŌer length of the S phase. In order to really quanƟfy the length of 
the S-phase in TLR9 posiƟve versus negaƟve cells, pulse chase experiment consisƟng of a successive labeling 
by 5-Iodo-2’-deoxyuridine (IdU) for 2 hours and BrdU for 15 min should be carried out.

99 



We have shown that TLR9 was inducing a transient increase of some inhibitors controlling the cyclin / cyclin 
dependent kinase complexes. Indeed, in TLR9 posiƟve cells the protein levels of p53, p21 and p27 were tran-
siently increased. The cell cycle is regulated by the acƟvity of different cyclin/CDK complexes. CyclinD/CDK4-6 
and cyclin E/CDK2 promote G1 phase progression into S-phase while Cyclin A/CDK2 and cyclin A-B/CDK1 
ensures S-phase progression from G2 to M phases [716]. The CDKs are regulated by CDK inhibitors belonging 
either to the INK4 family or to the Cip/Kip family. The INK4 family has four members p16, p15, p18 and p19 
that may inhibit CDK4 and CDK6 acƟviƟes during the G1 phase. The Cip/Kip family has three members p21, 
p27 and p57, shown to inhibit CDK acƟviƟes during all phases of the cell cycle. P53 is a central tumor sup-
pressor protein that in response to DNA damage or cell cycle abnormaliƟes is inducing cell cycle arrest and 
repair or apoptosis. Among others p53 is transacƟvaƟng p21 that would in return inhibit CDK acƟviƟes. In 
order to know exactly at what point the cell cycle is affected in TLR9 posiƟve cells it would be interesƟng to 
compare the status of these CDK/cyclin complexes in TLR9 or mock expressing cells. However the gene tran-
scripƟon analysis did not show any down-regulaƟon of cyclins or up-regulaƟon of cell cycle regulator. One 
explanaƟon might be that the cells were not synchronized which made the differences in cell cycle regulators 
impossible to detect. Hsp70 was down-regulated in TLR9 expressing cells. Hsp70 over-expression is typical of 
several types of tumors, and strong evidence suggests that it plays a role in the control of the cell cycle and 
growth. Under unstressed condiƟons, Hsp70 is expressed in some cases in proliferaƟng cells during the G1/S- 
and S-phases of the cell cycle [717, 718]. Its role in proliferaƟon has been demonstrated by over-expression 
and anƟsense administraƟon assays [719, 720]. It is thus possible that TLR9 would be involved in the down-
regulaƟon of HSP70, which might inhibit cell proliferaƟon.  

In conclusion, in addiƟon of escaping immune recogniƟon, the deregulaƟon of TLR9 induces by oncoviruses 
such as HPV and EBV might also favor the carcinogenesis.

MATERIAL AND METHODS
Cell lines and expression plasmids
Human TLR9 encoding pcDNA construct was previously described [721]. Human TLR9 and GFP were cloned in 
the retroviral vector pBabe-puro [722] using BamH1 and EcoRI. Human TLR9 cDNA was cloned using BamH1 
and EcoRI in lenƟviral pLVUT’ vector. pLVUT is a lenƟviral vector expressing GFP downstream the ubiquiƟn 
promoter in a doxycyclin inducible fashion [743]. PLVUT’ was created from pLVUT to generate unique EcoRI 
site downstream GFP. EcoRI site at posiƟon 6235 was removed by digesƟon with BstB1 (present on either 
sides of EcoR1 site) and re-ligaƟon of the vector. PLVUT’ vector and TLR9 encoding pLVUT’ were generated 
by the ISP plaƞorm (hƩp://canceropole-clara.com/page.asp?page=463). The pLXSN_HPV16E6E7, pGL3-NFkB 
luciferase and pGL4-TK constructs were already described [355]. 293 and cervical cancer-derived cell lines, 
SiHa and Caski were obtained from American Type Culture CollecƟon. HNSCC 124 and 136 cell lines were 
described elsewhere [723]. Cells were maintained in DMEM supplemented with 10% FBS and 10ug/mL cipro-
floxacin. NiKs were maintained as previously [744]. The Caski PLVUT’-GFP and TLR9 were made aŌer lenƟviral 
transducƟon of Caski cells and cloning by diluƟon limit. Ten clones for each cell line posiƟve for WPRE were 
picked and mixed together to work with polyclonal cell lines.

LenƟviral and retroviral infecƟons
Retroviral infecƟons were described elsewhere [355]. AŌer infecƟon, the cells were selected with puromycin 
(1ug/mL) for 3 days (corresponding to 100% of killing of uninfected cells), let to recover 24 hours and plated 
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for a day and used for experiments. LenƟviral parƟcles were produced by the “plateau technique analyse 
généƟque et vectorologie” (IFR128, Lyon). LenƟviral infecƟons were done accordingly to the protocol of the 
ISP plaƞorm (hƩp://canceropole-clara.com/page.asp?page=463).

RNA extracƟon, RT-PCR and QuanƟtaƟve PCR
RNA was extracted using Nucleospin RNA/protein kit following the manufacturer protocol (Macherey-Nagel, 
Germany). Reverse transcriptase (RT) reacƟon was performed using 500 to 1000ng of RNA. For qPCR, cDNA 
were diluted 1/20 using Mesa green qPCR Master Mix (Eurogentec, Angers, France). PCR was conducted 
in a 40 3 3000P real-Ɵme PCR system (Stratagene, La Jolla, CA). Two sets of PCR assays were conducted for 
each sample, the TLR9 and 2-microglobulin primers were already used elsewhere [365, 725]. AmplificaƟon 
specificity was assessed for each sample by melƟng curve analysis, and the size of the amplicon checked by 
electrophoresis (data not shown). RelaƟve quanƟficaƟon was performed using standard curve analysis. TLR9 
mRNA levels were normalized to 2-microglobulin mRNA levels and are presented as a raƟo of gene copy 
number per 100 copies of 2-microglobulin in arbitrary units (A.U).

Luciferase assay
Transient transfecƟon of the reporter plasmid TLR9 luciferase, NF-B, p21 or pig3 luciferase was performed 
as previously described [355, 726].

Immunoblot analysis
Briefly, harvested cells were lysed in mild lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% 
Triton X-100, 1 mM DTT, 0.5 mM and complete protease inhibitor (Roche, Meylan, France). Cellular protein 
content was determined by the Bradford assay (Bio-Rad, Marnes-la-CoqueƩe, France); used for SDS-PAGE 
and immunobloƫng onto a PVDF membrane. AŌer incubaƟon with primary anƟbodies, proteins were de-
tected with secondary peroxidase-conjugated anƟbodies (promega, Madison, USA) and ECL. All the primary 
anƟbodies for western-bloƫng were from cell signaling but the -acƟn (MP biomedicals, Santa Ana, USA).

ProliferaƟon assay
Doubling populaƟon assay and clonogenicity assay were previously described [726]. For MTT assays, cells 
were plated at 50 000, 100 000 and 150 000 cell/mL in 96 wells plate in quadruplicate. AŌer 48 hours ten 
percent of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (5mg/mL) (sigma-aldrich, St Louis, 
USA) was added for four hours then the supernatants were removed and the cells resuspended in DMSO. 
The 550nm absorbance was read on a plate reader. For the flow cytometry proliferaƟon analysis, the cells 
were either stain with PHK 26 fluorescent dye (sigma-aldrich) or CellTrace violet Cell proliferaƟon kit (invitro-
gen, Villebon sur YveƩe) following manufacturer recommendaƟons. 

Flow cytometry analysis
For synchronizaƟon experiments, 200 000 cells per mL were plated in a six wells dish. The next day thymidine 
(2mM final) was added to the cells, 18 hours later the cells were washed three Ɵmes with PBS and complete 
medium was added for 9 hours. Then thymidine (2mM final) was added for 18 hours. The cells were then 
washed three Ɵmes in PBS and complete medium containing BrdU was added. For BrdU cell cycle analysis of 
non synchronized cells, 100 000 cells per well were plated. The next day BrdU was added to the plate for 20 
to 30 minutes. The cells were harvested and washed in PBS then fixed in 70% ethanol overnight at 4C. The 
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cells were treated with 3N HCl that was neutralized with 0.1M Na2B4O7 pH8.5. The cells were then blocked 
and stained with an anƟ-BrdU (Biolegend, SanDiego, USA) and 7-AAD (invitrogen, Villebon sur YveƩe). For 
apoptosis experiment, Apoptosis detecƟon kit I(Becton Dickinson, Le Pont de Claix, France) was used follow-
ing manufacturer protocol. For TLR9intracellular staining, one million cells were fixed with 2% paraformal-
dehyde and permeabilized in PBS containing 0.25% saponin. AŌer blocking the cells were stained with a rat 
anƟ-human TLR9 (eBioscience) and with a secondary goat anƟ-rat alexa 633. The staining was analyzed on a 
BD LSRII using the soŌware Diva and FlowJo (treestar, Ashland, USA). 

StaƟsƟcal analysis
All the staƟsƟcal analysis have been performed using a two-tailed non paired t-test.

FIGURES LEGEND:
Figure 1: CharacterizaƟon of TLR9 constructs and inducible cell line expressing TLR9. (A) Hek 293 were co-
transfected with TLR9 encoded by pcDNA (LeŌ panel) or pbabe (Right panel), the NFkB minimal consensus 
site promoter linked to the luciferase gene and the TK-Renilla reporter. Eighteen hours aŌer transfecƟon cells 
were sƟmulated with 3uM of CpG-B. Cells were harvested and luciferase acƟvity measured. (B) (C) (D) Caski 
were stably transduced with PLVUT’-GFP and PLVUT’-TLR9 (tet-ON system). The cells were treated for 5 days 
with doxycyclin or leŌ in tetracyclin free medium. (B) The mRNA was extracted and analyzed for TLR9 by 
qPCR and the level of expression was normalized to the 2-microglobulin. (C) TLR9 protein levels of the caski 
cell lines were determined by western bloƫng.  (C) Caski PLVUT’-GFP and PLVUT’-TLR9 were co-transfected 
with the NFB luciferase and TK-renilla reporter. Eighteen hours aŌer transfecƟon cells were sƟmulated with 
3uM of CpG-B. Cells were harvested and luciferase acƟvity measured. 

Figure 2: TLR9 expression slows down cell proliferaƟon. (A) Hek 293 cells were transfected with increasing 
concentraƟons (0-2ug) of pcDNA-TLR9. ProliferaƟon was assessed aŌer forty eight hours by MTT assay. NiKs 
and NiKs HPV16E6E7 (B), or cervical cancer cell line SiHa and the HNSCC 124 cell line (C) were stably trans-
duced with pbabe or pbabe_TLR9 and plated for a doubling populaƟon assay. The cells were harvested and 
reseeded every 5 days and the doubling populaƟons were counted.  The asterisk represent a condiƟon where 
the pvalue was inferior at 0.05. (D) NiKs, NiKs stably expressing HPV16E6E7, CasKi and SiHa were stably trans-
duced with an empty or TLR9 coding pbabe. AŌer selecƟon, cells were plated in a 6 wells plate. AŌer four 
weeks the plated clones were stained with crystal violet.   

Figure 3: TLR9 expression did not affect apoptosis but delayed S-phase. (A) Caski cells stably transduced with 
empty pbabe (leŌ panel)  or TLR9 encoded pbabe (right panel) were stained with Annexin V and propidium 
iodide to determine percentage of apoptoƟc and necroƟc cells. (B) Caski-pbabe and Caski-TLR9 were ethanol 
fixed and DNA content was analyzed by propidium iodide staining. (C) The Caski PLVUT’-GFP and PLVUT’-
TLR9 cell lines were induced with doxycyclin. AŌer five days the cells were leŌ untreated (cycling condiƟon) 
or synchronized with a thymidine double block (numbered condiƟon). BrdU was pulsed for thirty minutes 
in the cycling condiƟon and added at the Ɵme of the release for cells the synchronized cells. The cells were 
harvested and fixed with ethanol at different Ɵme points indicated on the chart. BrdU content was analyzed 
by flow cytometry. (D) HNSCC 136 cells were stably transduced with pbabe (leŌ panel), pbabe _GFP (middle 
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panel) or pbabe_TLR9 (right panel). Cells were pulsed with BrdU for twenty minutes and cell cycle analysis 
was performed aŌer BrdU and 7-AAD staining by flow cytometry. 

Figure 4: TLR9 expression induces cell cycle inhibitors expression. Hek 293 cells were transiently co-transfect-
ed with pcDNA_TLR9 or pcDNA_p53, and the p21 (A) or pig3 (B) promoter luciferase constructs and the TK-
Renilla reporter. Forty eight hours aŌer transfecƟon cells were harvested and luciferase acƟvity measured. 
(C) Caski, Hela and SiHa were stably transduced with pbabe or pbabe TLR9. Cell lysates were analyzed for 
TLR9, p21, p53, p27 and -acƟn protein content by Western Bloƫng.

Figure 5: Cell death associated DAMP do not trigger TLR9 mediated inhibiƟon of proliferaƟon. SiHa, Caski, 
HNSCC 124 and 136 were transduced with pbabe or pbabe TLR9; the cells were selected with puromycin 
and kept in culture for two months. (A) SiHa expressing pbabe or pbabe TLR9 were treated with increasing 
concentraƟons of cisplaƟn (5 to 75 uM), and proliferaƟon was measured by MTT assay aŌer four days. The 
bars indicate the percentage of surviving cells as compared to the non treated condiƟon. (B) Puromycin 
sensiƟve cells were treated with puromycin for three days and the supernatant was transferred onto HNSCC 
136 expressing TLR9 or not. The cellular proliferaƟon was measured aŌer four days by MTT assay. The bars 
indicate the percentage of survival as compared to the non treated condiƟon (NT). (C-E) HNSCC 136 and 
TLR9 expressing cells were stained with a violet cell tracing reagent. The proliferaƟon was analyzed by flow 
cytometry aŌer intracellular staining for TLR9. The pbabe empty or TLR9 cells were co-cultured for four in 
regular medium (C), in presence of cells pretreated with cisplaƟn (D) or in presence of the supernatant of 
cells treated with puromycin (E). 
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[TLR9]vs{Mock]
Fold change Regulation Definition
20.149519 up Homo sapiens toll-like receptor 9 (TLR9), transcript variant A, mRNA.
6.898789 up Homo sapiens colony stimulating factor 3 (granulocyte) (CSF3), transcript variant 1, mRNA.
14.917988 up Homo sapiens colony stimulating factor 3 (granulocyte) (CSF3), transcript variant 1, mRNA.
-1.4177902 down Homo sapiens heat shock 70kDa protein 6 (HSP70B’) (HSPA6), mRNA.
-3.0508826 down Homo sapiens heat shock 70kDa protein 6 (HSP70B’) (HSPA6), mRNA.

Table 1: Microarray analysis of hek 293 cells transiently expressing TLR9 Hek 293 cells were transiently trans-
fected with pcDNA or pCDNA_TLR9. AŌer 48h the cells were harvested and the RNA extracted. Quality control 
and quanƟficaƟon of extracted RNAs will be performed using Agilent 2100 bioanalyzer. The genes expression 
profiling was examined in quadruplicate using an Illumina HT 12v4 array. The raw data were analyzed using 
genespring. The data are summarized in the table 1. The first column indicate the fold change in expression 
between the cells expressing TLR9 and the control, the second column the sense of the regulaƟon and the 
third column the name of the gene. 
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C. PAPER 3 : EBV LATENT MEMBRANE PROTEIN 1 IS A NEGATIVE REGULATOR OF TLR9

EBV infects most of the human populaƟon and is associated with a number of human diseases including can-
cers. Moreover, evasion of the immune system and chronic infecƟon is an essenƟal step for EBV-associated 
diseases. In this paper, we show that EBV can alter the regulaƟon and expression of TLRs, the key effector 
molecules of the innate immune response. EBV infecƟon of human primary B cells resulted in the inhibiƟon of 
TLR9 funcƟonality. SƟmulaƟon of TLR9 on primary B cells led to the producƟon of IL-6, TNF-, and IgG, which 
was inhibited in cells infected with EBV. The virus exerts its inhibitory funcƟon by decreasing TLR9 mRNA and 
protein levels. This event was observed at early Ɵme points aŌer EBV infecƟon of primary cells, as well as in 
an immortalized lymphoblastoid cell line. We determined that the EBV oncoprotein latent membrane protein 
1 (LMP1) is a strong inhibitor of TLR9 transcripƟon. Over-expression of LMP1 in B cells reduced TLR9 promot-
er acƟvity, mRNA, and protein levels. LMP1 mutants altered in acƟvaƟng the NF-B pathway prevented TLR9 
promoter deregulaƟon. Blocking the NF-B pathway recovered TLR9 promoter acƟvity. MutaƟng the NF-B 
cis element on the TLR9 promoter restored luciferase transcripƟon in the presence of LMP1. Finally, deleƟon 
of the LMP1 gene in the EBV genome abolished the ability of the virus to induce TLR9 down-regulaƟon. Our 
study describes a mechanism used by EBV to suppress the host immune response by deregulaƟng the TLR9 
transcript through LMP1-mediated NF-B acƟvaƟon.
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S1. Confocal monitoring of EBV infection. A, For confocal staining, LCL were directly fixed 

on coverslides coverslides and mounted using a mounting reagent containing DAPI.  B, 

LMP1 staining was performed by using anti LMP1, and a secondary PE-conjugated anti-

mouse was used. As negative control, LCL were incubated with secondary antibody only 

(data not shown). 

 

S2.  TLR gene expression in primary B cells and LCL. Primary B-cells and EBV-infected 

LCLs were stimulated with ligands for TLR family members (TLR1 to TLR10, with 

exception of TLR4 and 8) and TLR mRNA expression was determined by RT-PCR (left 

panel) with the quantification normalized to GAPDH (right panel).  
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I V. C O N C L U S I O N  A N D  P E R S P E C T I V E S
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As detailed in the introducƟon, two keys events are required for an oncovirus to induce cancer. First the 
virus needs to persist and second it must induce geneƟc alteraƟons by deregulaƟng the cell cycle for ex-
ample. While the host immune response tends to clear the infecƟon, viruses have developed mechanisms of 
immune escape to persist. This persistence leads to chronicity that might result in the long run into cancer 
development. 
Through the three arƟcles presented, we parƟcipated to unravel the mechanisms by which EBV and HPV pro-
mote carcinogenesis. First we showed that EBV deregulates TLR9, a key actor of DNA virus recogniƟon by the 
innate immune system, via its LMP1 protein [381]. This probably favors EBV escape of immune recogniƟon 
by B cells. Besides its involvement in immune responses, we demonstrated a direct role for TLR9 in inducing 
cell cycle modulaƟon. TLR9 re-expression in cancer cell lines favored cell cycle arrest, by inhibiƟng transiently 
cell proliferaƟon via a short lived increase of the S-phase (Paper 2 in preparaƟon). Altogether those data 
tend to suggest that TLR9 down-regulaƟon observed in many cancers may promote both immune escape 
and cell cycle deregulaƟon. This new finding demonstrated that innate receptors can have two funcƟons; 
first to sense viral infecƟon and thus induce an effecƟve immune response and second to control cell cycle 
regulaƟon. Finally, we found a new role for HPV16E6 protein in cell cycle deregulaƟon. E6 is able to inhibit 
p21 transacƟvaƟon in a p53 independent way by inhibiƟng the transcripƟon factorp150sal2.

A. NEW MECHANISM E6 DEPENDENT P21 DEREGULATION

HPV promotes cell cycle deregulaƟon mainly by acƟng on E2F and p53. E7 is acƟvaƟng E2F dependent genes 
transcripƟon by inhibiƟng pRb and E6 prevents p53 acetylaƟon and is inducing its proteasome mediated 
degradaƟon. This later effect is inhibiƟng p53 pathways including p53 dependent transcripƟon of p21, a key 
mediator of p53-dependent inducƟon of cell cycle arrest and apoptosis for instance. However it was previ-
ously proposed that E6 might also alter p21 independently of p53 by unknown mechanisms, since E6 mu-
tants unable to induce p53 degradaƟon were sƟll able to down-regulate p21 [738]. In Paper A [745], we have 
indeed shown that HPV16E6 is able to inhibit cdkn1a expression independently of p53. HPV16E6 bound to 
the transcripƟon factor p150sal2 (Figure 2 Paper 1). This associaƟon abolished the transacƟvaƟon funcƟon of 
p150sal2 towards cdkn1a and the transcripƟon of this later one was inhibited.

1 .  A C T I VAT I O N  O F  P 1 5 0 S A L 2    1 2 3

LiƩle is known about the regulaƟon of p150sal2. It has been shown to play a key role into cellular quiescence 
induced by serum deprivaƟon and in the NGF dependent growth arrest of neuronal cells [746]. Upon serum 
deprivaƟon or NGF treatment, p150sal2 expression increased and the protein translocates to the nucleus. Very 
liƩle is known regarding the signals that could trigger p150sal2 acƟvaƟon beside serum deprivaƟon and NGF. 
It will thus be interesƟng to dissect the precise mechanisms and extracellular signals leading to p150sal2 ac-
cumulaƟon and acƟvaƟon upon E6 expression. We will check which of the classical inducers of p21 such as 
DNA damage (by chemical exposure), radiaƟon or oncogene expression (such as c-myc or h-ras) will acƟvate 
the transcripƟon factor p150sal2 in primary cells such as primary oral human fibroblast POF. p150sal2 increase 
and nuclear translocaƟon will be assessed by immunofluorescence staining for example. Furthermore, we 
have seen that tumors biopsies HPV16+ showed an increased in p150sal2 immunostaining as compared with 
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healthy Ɵssues (data not shown). Similarly, p150sal2 expression was high in HPV16+ cancer cell lines. Thus 
p150sal2 accumulates upon HPV16 infecƟon. We have shown that E6 could parƟcipate to this increase of 
p150sal2 however we will invesƟgate which other viral proteins are also required. We will first perform in silico 
studies of the p150sal2 promoter in order to determine which transcripƟon factors could be involved in its 
regulaƟon. Then we will look at the effect of the expression of HPV viral proteins on a promoter luciferase 
assay in POF (p150sal2 luciferase reporter plasmid will be constructed). ModulaƟon of p150sal2 mRNA and pro-
tein expression (qPCR and western blot) will be followed upon over expression of HPV16 proteins into POF 
cells in order to confirm the luciferase data. We will narrow down the protein domains involved in this regu-
laƟon by biochemical approaches using mutant constructs deleted for various domains of these proteins.

p150sal2 accumulates in several cancers such as oral tongue cancer, tesƟcular germ cell tumors and synovial 
sarcoma as well as in HPV16 associated cancers [728-730]. While oral tongue squamous carcinoma have 
been linked to HPV infecƟon, the eƟology of tesƟcular germ cell tumors and synovial sarcoma appear to 
be HPV independent [731, 732]. TheoreƟcally, the accumulaƟon of p150sal2 should lead to an acƟvaƟon of 
p21, thus arresƟng cell proliferaƟon. However such effect was not observed in those cancers.  Thus a similar 
mechanism of p150sal2 inacƟvaƟon as the one we observed can be also potenƟally found in HPV independent 
tumors and to a large extent in non virus induced cancers. To find other potenƟal p150sal2 inhibitors, we could 
perform a pull-down of p150sal2 protein and analyze bound partners by mass spectrometry in cancer cells ac-
cumulaƟng p150sal2.

2 .  TA R G E T  G E N E S  O F  P 1 5 0 S A L 2

LiƩle is known on the target genes of p150sal2 beside p21. The E6-dependent deregulaƟon of the transcrip-
Ɵonal acƟvity of p150sal2 might also affect other genes that might be important in HPV induced malignancies. 
Understanding how the viral oncoproteins are affecƟng the host cell is of major importance. In order to find 
genes regulated by p150sal2, we could perform bioinformaƟcs analyses searching for genes that express the 
putaƟve p150sal2 binding site in their promoter. We could then assess whether p150 accumulaƟon does in-
deed modulate the expression of those genes (qPCR) and in the long run analyze the potenƟal involvement 
of those genes in cancer development.

3 .       P 150 S A L 2 I N V O LV E M E N T  I N  O T H E R  V I R U S  I N D U C E D  C A N C E R 
Binding of Large T anƟgen from polyomavirus to p150sal2 was found to be essenƟal to overcome p150sal2 

dependent viral replicaƟon inhibiƟon [170].  We have shown that HPV16E6 is also deregulaƟng p150sal2.  We 
could speculate that the deregulaƟon of this transcripƟon factor is a common feature of oncoviruses. For 
example, it is already known that EBV can deregulate p21 expression during its life cycle. While during lyƟc 
cycle EBV induces senescence by Rta-mediated transacƟvaƟon of p21 [747, 748], during EBV latency EBER1 
mediated p21 suppression is linked to an increase resistance to drug induced apoptosis in Hodgkin’s lym-
phoma [749]. We could invesƟgate if the effect of EBER1 on p21 might be parƟally p150sal2 mediated. For 
that purpose we would express EBER1 in primary cells such as POF and see if the regulaƟon of cdkn1a is 
dependent on p150sal2. We could analyze if p150sal2 would sƟll be able to bind cdkn1a promoter by Chip when 
EBER1 is expressed. 
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B. TLR9 AND CELL PROLIFERATION

TLR9 is down-regulated in several cancers including breast cancer, myelodysplasƟc syndrome to overt leu-
kemia transformaƟon and HPV high risk type associated cancers [371, 679, 682]. Our group indeed demon-
strated that TLR9 expression and responsiveness is abolished upon expression of HPV16 oncoproteins but 
not upon expression of protein from low risk type [371] thus raising the quesƟon of the role of TLR9 in the 
carcinogenesis. As detailed in the introducƟon, TLR9 sƟmulaƟon induces or inhibits cell proliferaƟon and/
or apoptosis, depending on the cellular model and the ligand. As a today there was no report on the link 
between TLR9 expression and cell cycle regulaƟon. In an ongoing study (Paper 2), we demonstrated that 
besides its role in innate immunity, TLR9 has a role on the cell cycle by inhibiƟng cell proliferaƟon without 
inducing apoptosis. Short and long term perspecƟves will be presented hereaŌer

1 .  S H O R T  T E R M :  T L R 9  A N D  C E L L  P R O L I F E R AT I O N 
Indeed, we have shown that re-expression of TLR9 in HNSCC and HPV+ cell lines slowed-down cell prolifera-
Ɵon by MTT and double populaƟon assays (Paper 2). To further extend these observaƟons and demonstrate 
the role of TLR9 on cell proliferaƟon, we will in the near future perform the opposite experiment. For that 
maƩer, we will silence TLR9 in cells expressing TLR9 and determine whether this increases cell proliferaƟon 
or deregulates the normally occurring senescence. We will perform those experiments in primary keraƟno-
cytes using validated lenƟviral vector encoding shRNA directed against TLR9 and check the impact on cell 
proliferaƟon by BrdU incorporaƟon and MTT assays and senescence by -galactosidase staining and chroma-
Ɵn H2AX analysis. 
While TLR9 re-expression does not affect the percentage of cells in each phase of the cell cycle (PI staining, 
Figure 3 Paper 2), we showed that it delayed the S-phase of the cell cycle (BrdU/7AAD staining, Figure 3 Pa-
per 2). In order to further demonstrate these observaƟons and really quanƟfy the duraƟon of the S-phase, 
we will perform, in TLR9 versus negaƟve HNSCC and Caski cell lines, pulse chase experiment consisƟng of a 
successive labeling by IdU and BrdU. S phase duraƟon will then be calculated using the formula defined by 
Shibui et al [750].
We showed as well that TLR9 was inducing an increase of some inhibitors controlling the CDK/cyclin com-
plexes (Figure 4 Paper 2). We indeed observed in preliminary experiment that the protein levels of p53, p21 
and p27 were transiently increased in TLR9 posiƟve cells (Figure 4 Paper 2). We will first confirm those data 
aŌer cell synchronizaƟon in both Caski and Siha cell lines. To further invesƟgate the cell cycle proteins that 
are directly targeted by TLR9, we will look, aŌer cell synchronizaƟon, for the expression of the cyclins and the 
acƟvaƟon of the CDKs in TLR9 as compared to mock expressing cells. A special focus should be put on the 
cyclin A / CDK2 complex that ensures the S-phase progression and might be differenƟally regulated in TLR9 
and mock expressing cell. 
The transcriptome analysis of TLR9 versus mock expressing cells revealed some interesƟng findings. We 
found that hsp70 was down-regulated in TLR9 expressing cells. As discussed in the Paper 2 discussion, HSP-70 
over-expression is typical of several types of tumors, and strong evidences suggest that it plays a role in the 
control of the cell cycle and growth [717-720]. While CpG-B ODN has been shown to up-regulate hsp70 via 
the TLR9/MyD88/PI3K pathway  [690], no correlaƟon has been found as of today between TLR9 expression 
and hsp70. AŌer confirmaƟon of the microarray data by qPCR, we will assess whether the down-regulaƟon 
of hsp70 by TLR9 is involved in the inhibiƟon of the proliferaƟon. HEK 293 (cell line used for the micro-array) 
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cells will be transfected with TLR9 and hsp70 mRNA expression will be assessed by qPCR. To demonstrate 
a role for HSP70 in TLR9 induced cell proliferaƟon inhibiƟon, we will assess whether hsp70 silencing affects 
TLR9 mediated effect as compared to mock transfected cells. If the down-regulaƟon of HSP70 does specifi-
cally affect TLR9 mediated effect, we will analyze the precise role of HSP70 in cell proliferaƟon. Knock-down 
or over-expression approaches will be performed to depict the precise effect of HSP70 in cell cycle using 
western bloƫng approaches as previously done.

2 .  S H O R T  T E R M :  I S  T L R 9  A C T I V I T Y  O N  P R O L I F E R AT I O N  A  C O N S E Q U E N C E  O F  I T S 
A C T I VAT I O N ? 

In our model the effect of TLR9 on cell proliferaƟon was short lived. AŌer few passages TLR9 expressing cells 
proliferated at the same rate than the mock expressing cells, unless cells were synchronized and then the 
effect of TLR9 was again visualized. 

Besides a possible adjustment of the cells to TLR9 over-expression via compensatory mechanisms, our main 
hypothesis is that TLR9 modulates cell proliferaƟon under stress condiƟons. This would explain why such ef-
fect is observed shortly aŌer puromycin selecƟon or aŌer thymidine double block for cell synchronizaƟon. 
Experimental seƫng used in both approaches might induce transitory DAMPs that would specifically trigger 
a TLR9 dependent cell growth inhibiƟon. Indeed it has been suggested that TLR9 might be sƟmulated by 
histone preparaƟon during hepaƟc ischemia/reperfusion injury and induce sterile inflammatory liver injury 
[713]. Furthermore another report showed that injury would induce the release of mitochondrial DNA that 
would acƟvate cells in a TLR9 dependent manner [714]. We thus propose that DNA or histone released dur-
ing cell death, induced by puromycin selecƟon or thymidine double block, might be responsible for TLR9 
triggering and further effect on cell proliferaƟon. We indeed invesƟgated whether DAMPs could induce the 
TLR9 dependent inhibiƟon of cell proliferaƟon (Figure 5 Paper 2). We tried to induce DAMP release by killing 
cells with puromycin, cisplaƟn, H202 or doxorubicin, incubated them with TLR9 or mock expressing cells and 
assessed the effect on cell proliferaƟon. In those condiƟons, we did not observe any proliferaƟon inhibiƟon 
of TLR9 versus mock expressing cells. It is possible that either the ligand was not released (in cisplaƟn, H202 
or doxorubicin treated condiƟons) or that the raƟo dead/live cells (in puromycin condiƟon) was not appropri-
ate to visualize such effect. We will further invesƟgate this hypothesis using another approach with purified 
TLR9 ligand such as mitochondrial DNA (as described in [714]), or CpG DNA and look for their effect on cell 
proliferaƟon. Preliminary experiments using CpG-B DNA in MTT assay showed contradictory results and shall 
be repeated using QC controlled batch of CpG ODN from different classes 

3 .  L O N G  T E R M :  R O L E  O F  T L R 9  I N  L I M I T I N G  O N C O V I R U S  I N D U C E D  C A R C I N O ͳ
G E N E S I S 

In order to really demonstrate the role of TLR9 in carcinogenesis, we will follow two long term approaches, 
one using in vitro cellular models and the other in vivo in xenograŌ models. 
Addressing this quesƟon in vitro is quite difficult. In the case of HPV, quasivirions can only infect and replicate 
in raŌ 3D culture of primary keraƟnocytes. HPV dependent transformaƟon being a long process, it is thus 
impossible to monitor transformaƟon this in vitro model. It would however be possible to address this ques-
Ɵon in EBV context. We could knock-down TLR9 in primary B cells before infecƟon with EBV, follow-up the 
appearance of immortalized and transformed cells and see whether TLR9 decrease favors transformaƟon. In 
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order to assess the immortalizaƟon of the cells we could analyze the telomerase acƟvity (Millipore TRAPeze 
kit) of the B cells silenced or not for TLR9. The transformaƟon could be tested by soŌ agar cell transforma-
Ɵon assay.  We already validated TLR9 knock-down approach in primary B cells using lenƟviral vectors. We 
could also assess the role of TLR9 expression in non-viral transformaƟon models. The standardized model 
of in vitro oncogenic transformaƟon of primary human mammary epithelial cells (HMEC) might be valuable 
to test our hypothesis [737]. There are three steps in the model of normal HMEC transformaƟon. In this ex-
perimental system, HMEC undergo sequenƟal retroviral transducƟon to express -the catalyƟc subunit of the 
human telomerase (HMEC/hTERT cells), then the SV40 large T and small t anƟgens (HMLE cells) and finally 
the consƟtuƟvely acƟve form of Ras, H-RasV12 (HMLER cells) [738]. We will like first to analyze the expression 
of TLR9 both RNA and protein in these cells and then determine the effect of a modulaƟon of TLR9 (using 
approaches previously described) on the events leading to the oncogenic transformaƟon assessed by the 
growth of the cells in soŌ agar.

In a second step, we will assess in vivo whether the loss of TLR9 is involved in the first set of events lead-
ing to the transformaƟon. For that purpose we will use the human keraƟnocyte cell line HACAT that is not 
transformed and expresses funcƟonal TLR9. This cell line has already been used in xenograŌ model [739] and 
does not induce tumor unless it expresses exogenously an oncogene such as h-Ras. We will first create stable 
keraƟnocyte cell lines expressing either (i) h-Ras alone, (ii) a shRNA targeƟng TLR9 or (iii) both h-Ras and 
sh-TLR9. These cell lines will be injected subcutaneously in nude mice, which lack T and B cells, and tumor 
growth monitored in the three groups. We have preliminary results in nude mice that were injected with a 
stable Caski cell line expressing an inducible TLR9 construct. Half of the mice were fed with doxycyclin and 
tumor growth was monitored. As tumor sizes were not homogenous within each group; it is quite difficult to 
conclude. This experiment has to be repeated with larger number of mice in each group.
We will then determine whether the loss of TLR9 increases the tumorigenicity of already transformed cells, 
using RPMI8226 cells. RPMI8226 is a mulƟple myeloma derived B cell line expressing TLR9. This cell line is 
transformed since it induces tumors when injected subcutaneously in nude mice [751]. RPMI8226 knocked-
down for TLR9 were previously established. We will then inject RPMI8226 expressing sh-targeted TLR9 or 
mock in NOD/SCID mice and compare the tumour growth over Ɵme. We here hypothesize that down-regu-
laƟon of TLR9 might not be per se sufficient to promote immortalizaƟon and transformaƟon but will impact 
oncogene-induced transformaƟon.
While those xenograŌ models are necessary to really demonstrate the tumorigenicity of cell lines, they are 
parƟally deficient in their immune response and do not allow to assess in parallel the role of TLR9 in immune 
escape. Syngenic mouse tumour models would be required for a global role of TLR9 in limiƟng tumour de-
velopment. 

C. INNATE IMMUNE RESPONSE AND ONCOVIRUSES

Studies on TLR9 expression showed that this PRR is repressed during breast cancer, overt leukemia and HPV16 
malignant transformaƟon In the case of EBV, we and others [752] have observed that TLR9 transcripƟon is 
suppressed from 24 hours aŌer infecƟon without restoraƟon over 5 weeks later. We showed that LMP1 via 
acƟvaƟon of NFB pathway was inhibiƟng tlr9 transcripƟon and funcƟonal response. It is of parƟcular inter-
est since EBV is able in vitro to acƟvate TLR9 in B cell lines, primary monocytes and pDCs [450, 452, 753]. 
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1 .  E X P R E S S I O N  O F  T L R S  I N  P R I M A R Y  A N D  E B V  I N F E C T E D  B  C E L L S
We and others have seen that human primary B cells express low TLR2, -3, -5 and high TLR1, -6, -7, -9 and 
-10 levels [352, 754].  Upon differenƟaƟon into memory B cells, the expression of TLR6, -7, -9 and 10 is in-
creased [352, 755]. EBV infecƟon drasƟcally changes TLRs expression in B cells. We indeed observed that all 
TLRs were down-regulated in LCL 5 weeks aŌer infecƟon when compared to corresponding primary B cells. 
In contrast, another study has reported an increase in tlr7 expression aŌer EBV infecƟon of primary B cells 
[752]. In our hands, in vitro infecƟon of primary B cells slightly decreased tlr7 expression but did not affect 
their responsiveness in term of cytokine and IgG secreƟon of LCL to TLR7 ligands. The discrepancies be-
tween those two studies could be due to the Ɵme point post infecƟon chosen for the analysis of tlr expres-
sion (5 weeks for our study and 72 hours for MarƟn et al.). 

2 .  R E L AT I O N S H I P  B E T W E E N  T L R S ,  B  C E L L  B I O L O G Y  A N D  T R A N S F O R M AT I O N

Full acƟvaƟon of naïve B cells require three signals: BCR triggering, T cell help via CD40 ligaƟon and PRR 
sƟmulaƟon [756]. As described earlier, the acƟvaƟon of naïve B cells is crucial in EBV life cycle. Therefore this 
virus closely mimics or consƟtuƟvely acƟvates the pathways leading to naïve B cell acƟvaƟon. Indeed, signal 
1 and 2 are provided respecƟvely by LMP2A and LMP1 [64, 757]. While some mechanisms are proposed, the 
precise nature of the third signal is sƟll unknown. PRR sƟmulaƟon might come from non EBV-PAMPs present 
in the B cell environment or EBV-associated PAMPS as EBERs shown to trigger RIG-I. Based on the observa-
Ɵon that tlr7 and myD88 are increased upon EBV infecƟon, intrinsic TLR7 pathway might as well be involved 
in this last signal [752]. 
Because CpG-B have been shown to acƟvate primary B cells and induce their proliferaƟon [758], their effects 
on B cells upon EBV infecƟon were studied. When administrated simultaneously, CpGs and EBV synergize to 
increase acƟvaƟon and proliferaƟon of B cells compared to EBV alone [759]. CpGs were also able to increase 
outgrowth of LCLs [759, 760]. 
While CpG increase EBV-mediated B cell proliferaƟon, EBV was shown to inhibit CpG-induced B cell prolifera-
Ɵon within the first 80 hours post EBV infecƟon [558]. Moreover, half of the CpG-mediated LCL outgrowth 
increase was lost when CpG were added 12 hours aŌer infecƟon [759]. This could be due to the LMP1 de-
pendent TLR9 down-regulaƟon that we have reported [381]. In conclusion, while CpG increase EBV-mediated 
B cell proliferaƟon and LCL outgrowth, EBV decreases CpG mediated responses. One might wonder how to 
reconcile those two pieces of informaƟon. In that respect considering that CpG sƟmulaƟon induced an inhibi-
Ɵon of TLR9 expression [761], it might also favor the transformaƟon. We could argue that in the condiƟons 
where CpG and EBV are co-administered tlr9 expression is more quickly and/or strongly down-regulated, 
when compared to EBV alone, thus leading to an increase in proliferaƟon and B cell transformaƟon. This 
could be confirmed by checking tlr9 expression in those set of experiments. 
As TLR9 triggering favors proliferaƟon and EBV+ B cell transformaƟon, one might wonder as well what would 
be the benefit for the virus of deregulaƟng tlr9. Our main hypothesis is illustrated by the fact that tlr9 ex-
pression might limit cell proliferaƟon (paper 2). Thus, it is possible that, as previously discussed, TLR9 down-
regulaƟon would favor the transformaƟon of newly infected B cells. 
Furthermore, TLR9 down-regulaƟon might impact on the immune sensing of the newly produced virus. Data 
indeed showed the down-regulaƟon of TLR9 in B cells EBV infected during the lyƟc cycle [452]. The inhibiƟon 
of TLR9 might be a mechanism of immune escape to avoid the detecƟon of EBV by the infected B cell. 
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3 .  M E C H A N I S M  O F  L M P 1  I N D U C E D  S U P P R E S S I O N  O F  T L R 9 
We have shown that LMP1 was mediaƟng TLR9 suppression via NFB. However the precise mechanisms 
behind TLR9 suppression by EBV during primo-infecƟon remain to be elucidated.  It would be interesƟng to 
know which NF-B cis-elements bind to the TLR9 promoter and are responsible for the EBV-induced TLR9 
transcripƟonal repression. The analysis of the DNA sequence of this region of TLR9 promoter revealed the 
presence of four NF-B binding sequences [761]. To idenƟfy the precise cis-element(s) that is/are responsible 
for the inhibiƟon of TLR9 expression induced by EBV, the NF-B binding sites could be individually mutated 
and the acƟvity of mutated TLR9 promoters could be tested in transient transfecƟon experiments in presence 
or absence of EBV- infected or LMP-1-expressing cells. This finding would be confirmed by chromaƟn im-
munoprecipitaƟon experiments (ChIP) in normal or EBV posiƟve B cells versus primary B cells using specific 
anƟ anƟbodies for the different NF-B subunits. We could also invesƟgate whether the transcripƟon factors 
regulaƟng TLR9 promoter may also be silenced by promoter region methylaƟon using for example methyla-
Ɵon-sensiƟve restricƟon enzymes and pyrosequencing. We could also look for histone modificaƟons that are 
important in gene regulaƟon. Histone acetylaƟon and methylaƟon at H4 and H3K4 respecƟvely, are posiƟve 
marks associated with transcripƟonally acƟve chromaƟn, whereas deacetylated and demethylated histones 
are found in closed, inacƟve chromaƟn. We could use ChIP to compare EBV infected and non-infected human 
B cells. We could monitor by qPCR the expression level of cis-elements regulaƟng the TLR9 promoter and 
correlate these data to their respecƟve level of their histone acetylaƟon and methylaƟon. 

4 .  I N N AT E  I M M U N I T Y  T O  O N C O V I R U S E S  A N D  R E D U N D A N C Y  O F  P R R S 
Because PRRs are redundant we wonder whether EBV or HPV that inhibit tlr9 to escape innate recogniƟon 
might trigger other DNA receptors. It would be interesƟng to see if HPV and EBV could trigger the cytosolic 
receptor AIM2 or the cytosolic / nuclear receptor IFI16. KeraƟnocytes and epithelial cells express those two 
receptors, as for B cells the expression of AIM2 has not been assessed [762-765]. AcƟvaƟon of those recep-
tors was shown to lead to IL1B or type I IFN producƟon [501-503, 766]. We have preliminary data showing 
that early aŌer infecƟon keraƟnocytes infected with HPV16 viruses produced and released a high amount 
of mature IL1, as early as 4h post infecƟon (Supplementary Figure 1). This producƟon might be important 
to alert the immune system that an infecƟon is going on. We demonstrated that this inducƟon is caspase 1 
dependent using chemical caspase 1 inhibitors. However, as shown using the monocyƟc thp1 cell lines knock 
down for asc (with 2 independent shRNA sequences), this IL1 inducƟon is ASC independent, which rather 
uncommon (Supplementary Figure 2). We have also seen that HPV 16 viruses were able to sƟmulate bone 
marrow derived macrophages to produce IL1B (Supplementary Figure 3). However we do not know yet which 
inflammasome sensor is triggered. It is indeed possible that HPV16 genomic DNA would be recognized by 
AIM2 in the cytoplasm, IFI16 in the nucleus or that the lysosomal damage caused by HPV16 would acƟvate 
NLRP3. We are currently screening BL6/C57 bone-marrow derived macrophages and DCs that are knock-out 
for different genes of the inflammasome pathway for their ability to produce IL1 in response to HPV16 vi-
ruses (CollaboraƟon O.Gross). In the meanƟme we will assess the effect of IFI16 AIM2 and Nalp3 knock down 
on IL1 inducƟon in keraƟnocytes using shRNA approaches. We will also determine if the viral replicaƟon is 
required for this IL1B producƟon using UV inacƟvated viruses. Finally, we do not know yet if EBV infecƟon 
triggers IL1 producƟon by B cells. We are planning to do some preliminary experiments to answer this ques-
Ɵon. 
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5.  E S C A P E  T O  I N N AT E  I M M U N I T Y 
However despite the eventual sƟmulaƟon of PRRs upon cell infecƟon, EBV and HPV16 display several pro-
teins that impede producƟon of anƟviral cytokines. Our preliminary data show that the oncoproteins E6 and 
E7 from HPV high risk type 16 but not from HPV low risk type 6 are able to inhibit il1 transcripƟon (Supple-
mentary Figure 4). Upon sƟmulaƟon with AIM2 or NLRP3 ligands, pdAdT and nigericin respecƟvely, immor-
talized NIK keraƟnocytes expressing HPV16 oncoproteins were almost unable to produce IL1 (Supplemen-
tary Figure 5). This failure is mostly due to high decrease in IL1protein level as seen by western bloƫng in 
condiƟons where the oncoproteins are expressed. We are currently analyzing the IL1 promoter to look for 
binding sites for transcripƟon factor known to be modulated by HPV 16. The binding of candidate transcrip-
Ɵon factors will be validated with a CHIP approach and the effect on IL1B transcripƟon by over-expression 
studies and qPCR approach.

Overall our studies implicate that innate sensor regulaƟon is essenƟal for oncoviral clearance as our models 
of viral induced cancers severely impede their expression and regulaƟon. We have in addiƟon addressed the 
role of innate sensors in their ability to control the cell cycle, indicaƟng that they have dual acƟviƟes. This 
point highlights that sensing by PRRs are crucial for host cell acƟvity in combaƟng viral infecƟon.
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__________________________________________________________________________________________________

RESUME en français
Le cancer représente la deuxième cause de mortalité dans les pays industrialisés. Il a été démontré que 20% des cancers sont 
d’origine infecƟeuse. Nous nous sommes intéressés à deux oncovirus HPV (virus du papillome humain) et EBV (Epstein-Barr Virus) 
responsable du cancer de l’utérus et de divers lymphome B réciproquement. Les événements clés pour le développement d’un 
cancer viro-induit sont la persistance du virus via la dérégulaƟon des réponses immunitaires et l’inducƟon d’une instabilité gé-
nomique via une dérégulaƟon du cycle cellulaire. Nous avons donc cherché si EBV était capable d’altérer la réponse immunitaire 
innée. Nous avons montré que EBV était capable d’inhiber TLR9 un acteur clef de la réponse immunitaire innée. Comme TLR9 est 
inhibé dans un certain nombre de cancers, nous nous sommes demandé si ce récepteur pouvait également, avoir un rôle dans 
l’oncogenèse. Nous avons montré que la réexpression de TLR9 induisait un ralenƟssement transitoire de la proliféraƟon cellulaire. 
Nous nous sommes par la suite intéressés aux mécanismes de dérégulaƟon du cycle cellulaire induits par E6 une oncoprotéine de 
HPV16. Nous avons trouvé un nouveau mécanisme d’inhibiƟon de l’inhibiteur du cycle cellulaire, p21. HPV16E6 se lie et inhibe les 
foncƟons de du facteur de transcripƟon p150Sal2, ce qui induit une inhibiƟon de p21 dans un contexte p53 indépendant. 
___________________________________________________________________________________________________
TITRE en anglais
ModulaƟon of the innate immune response by the oncoviruses EBV and HPV
___________________________________________________________________________________________________
RESUME en anglais

Cancer represents the second most common cause of death in industrialized countries. Epidemiological and biological studies 
have now conclusively proved that a variety of infecƟous agents consƟtute one of the main causes of cancer worldwide. It has 
been pointed out that more than 20% of cancers are from infecƟous origin. HPV high-risk mucosal types are associated to 98% of 
all cervical cancer cases. Regarding EBV, over 90% of the world’s populaƟon is infected and can give rise to malignancies such as 
BurkiƩ lymphoma or Hodgkin disease.(Young and Rickinson 2004) Keys features for oncoviruses to induce cancer are firstly to per-
sist by dampening host immune responses and to induce genomic instability in the host by altering the regulaƟon of the cell cycle 
leading the infected cells to an uncontrolled proliferaƟon. The purpose of this thesis was to find new mechanisms by which EBV 
and HPV can promote carcinogenesis. We have shown that EBV can alter the regulaƟon and expression of TLRs, the key effectors 
molecules of the innate immune response. EBV infecƟon of human primary B cells resulted in the inhibiƟon of TLR9 funcƟonality. 
Our study described a mechanism used by EBV to suppress the host immune response by deregulaƟng the TLR9 transcript through 
LMP1-mediated NF-κB acƟvaƟon. As TLR was found deregulated in many cancers, we hypothesized that TLR9 may also a direct 
role in the process of cell cycle control and that loss of its expression may lead to transformaƟon of the cell. Our overall objecƟve 
here was to study the role of TLR9 in suppressing the events that iniƟates transformaƟon of epithelial cells in the seƫng of cervical 
cancer (virus-associated) and in head and neck cancer (non–virus-associated). A third project dealt with the mechanism cell cycle 
deregulaƟon by the oncoprotein E6 which expressed during infecƟon with HPV16. We reported that HPV16E6 targets the cellular 
factor p150Sal2, which posiƟvely regulates p21 transcripƟon. HPV16E6 associates with p150Sal2, inducing its funcƟonal inhibiƟon by 
prevenƟng its binding to cis elements on the p21 promoter. These data described a novel mechanism by which HPV16E6 induces 
cell cycle deregulaƟon with a p53-independent pathway prevenƟng G1/S arrest and allowing cellular proliferaƟon and efficient 
viral DNA replicaƟon. 
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