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ABSTRACT 

Kaposi sarcoma (KS) is an angioproliferative tumor with infectious 

etiology, driven by viral infection of endothelial cells (EC) by Kaposi sarcoma 

herpesvirus (KSHV/HHV8). KS is the most common AIDS-associated 

malignancy, resulting in significant morbidity and mortality in the absence of 

immune-reconstitution. While KS incidence has decreased substantially in the 

post-HAART era, there is an ongoing need for affordable and effective 

therapies that specifically target KS/KSHV, particularly in resource-limited 

areas where KS is endemic and KSHV/HIV co-infection rates are high.  

Dr. Moses’ group previously showed that the host gene heme 

oxygenase-1 (HO-1) is upregulated by KSHV infection of EC in vitro, as well 

as in spindle (tumor) cells in KS biopsies, and plays a key role in the growth 

and survival of infected EC. HO-1, the rate-limiting enzyme for heme 

catabolism, is strongly induced as a protective response to cell stress and is 

highly expressed in several types of cancer. The pro-survival effect of HO-1 is 

primarily the result of the degradation of heme, a potentially toxic molecule, 

into metabolites with antioxidant, pro-angiogenic and pro-survival activities. 

Thus, studying HO-1 in the KS model will not only be of specific importance to 

KS research and treatment, but will have broader benefits for understanding 

the role of this enzyme in cancer biology.  

In my dissertation, I aim to provide an in-depth review of the research 

to date on KSHV with a focus on how host genes, such as HO-1, can 
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modulate KSHV infection and tumorigenesis. To this end, I have made the 

novel discovery that KSHV infection of EC induces HO-1 in a biphasic 

manner, characterized by a transient induction peak upon initial infection and 

a sustained upregulation co-incident with the establishment of latency. These 

two phases of HO-1 induction are independently regulated, suggesting 

distinct roles in the virus life cycle. A virally encoded microRNA, miR-K12-11, 

is partially responsible for induction of HO-1 during KSHV latency, but not at 

early times post infection. The first peak of HO-1 induction is independent 

from de novo viral gene expression and described by Dr. Bala Chandran’s 

group as the consequence of reactive oxygen species (ROS) production and 

activation of HO-1 transcription.  

A second novel and important discovery that I have made is that HO-1 

induction plays a critical role in KSHV life cycle through inhibition of TLR4 

signaling. HO-1 metabolite carbon monoxide is responsible for preventing 

TLR4 interaction with its adaptor proteins, thus blocking signaling and 

transcription of type I interferon (IFN) and inflammatory cytokines. In addition, 

inhibition of HO-1 activity prior to infection results in lower infection rate and 

higher levels of inflammatory cytokines and IFN. Suggesting that HO-1 may 

represent a novel innate immune evasion factor in KSHV infected cells.  

In conclusion, in this dissertation I show that HO-1 induction by KSHV 

is not only beneficial for KS tumorigenesis, but is also important for 

attenuating anti-viral innate immune responses, thus enhancing HO-1’s 

importance as a therapeutic target for KS. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Human Herpesviruses 

1.1.1 Classification 

Herpesviruses are ubiquitous and highly species-specific viruses. To date, 

eight human herpesviruses have been identified: herpes simplex virus 1 (HSV-1), 

herpes simplex virus 2 (HSV-2), varicella-zoster virus (VZV, HHV-3), Epstein-Barr 

virus (EBV, HHV-4), human cytomegalovirus (HCMV, HHV-5), human herpesvirus 6 

(HHV-6), human herpesvirus 7 (HHV-7) and Kaposi sarcoma associated herpesvirus 

(KSHV, HHV-8). The Herpesviridae family was first classified based on the structure 

of the virus particle. The virion is composed of a linear double-stranded DNA 

genome that is surrounded by an icosahedral capsid, an amorphous component 

called tegument, and an envelope (Figure 1.1) (1,2). Additionally, herpesviruses 

share several important biological properties such as nuclear viral DNA replication, 

destruction of infected cells during productive replication and establishment of 

latency in the infected host. In contrast, herpesviruses differ with respect to key 

features of host cell tropism, duration of the lytic replication cycle, and the cellular 

reservoir of latent infection (1). 
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Figure 1.1 Herpesvirus virion structure 
With permission from Zerboni L, et al. Nature Reviews Microbiology, 2014. 

 

Members of the Herpesviridae family are categorized into three subfamilies: 

Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae (1). This 

classification is based on distinct biological properties: for example, 

alphaherpesviruses are characterized by a broad cell tropism and a short replication 

cycle. These viruses spread quickly in cell culture and efficiently destroy the infected 

cells. Additionally, members of this subfamily establish latency in sensory ganglia. 

Examples of human alphaherpesviruses are the simplex viruses HSV-1 and -2 and 

the varicellovirus VSV (2). 

Viruses within the Betaherpesvirinae subfamily exhibit strict species-specificity and 

have a relatively long reproductive cycle, resulting in slow spread in culture. These 

viruses become latent in secretory glands, lymphoreticular cells, T-cells, and 

monocytes. Included in this subfamily are HCMV, HHV-6 and HHV-7 (2). 

Gammaherpesvirinae infect a narrow host cell type range, typically B- or T-cells, and 

are able to replicate in lymphoblastoid cells in vitro. Viruses of this subfamily become 

latent in lymphoid tissues of an infected host. These viruses are further divided into 

gamma-1 lymphocryptoviruses and gamma-2 rhadinoviruses. EBV is a human 
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gamma-1 herpesvirus, while human gamma-2 herpesvirus is represented by KSHV 

(2). 

 

1.1.2 Human Herpesvirus Pathogenesis 

Herpesvirus infection remains fairly asymptomatic in the context of 

immunocompetent hosts. However, clinical manifestations and complications can 

occur in immunocompromised hosts.  

 Primary infection by the alphaherpesviruses HSV-1 and HSV-2 occurs 

through contact with infected individuals shedding the virus. Both viruses target the 

mucosal epithelium, causing skin vesicles or mucosal ulcers in the mouth or genitals 

of the infected host. Herpes simplex viruses are neurotropic as they establish latency 

in the dorsal root ganglia. Reactivation of the virus can occur through induction of 

physical or emotional stress, or immune suppression. Viral replication can lead to 

disease, but it is rarely life threatening (encephalopathy) (3,4). 

 VZV, another alphaherpesvirus, causes varicella (chickenpox) upon primary 

infection and it can later reactivate resulting in herpes zoster (shingles). Infection of 

naïve hosts occurs via aerosolized virus particles that contact the mucosal epithelium 

within the upper respiratory tract. The typical skin lesions caused by VZV are due to 

the presence of infected T cells. Like HSV-1 and HSV-2, VZV also establishes 

latency in the dorsal root ganglia (4). VZV is T-cell tropic and T-cells provide a 

means of spreading the virus from the initial site of infection to the skin for further 

dissemination. Reactivation of VZV results in herpes zoster (shingles), which is 

characterized by an extremely painful eruption of vesicles on specific areas of the 

skin supplied by a single nerve ganglion. Like varicella, herpes zoster lesions clear in 

a week, however pain can last for several weeks with over 30% of the patients 
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developing chronic pain and postherpetic neuralgia. In 2006, a live attenuated 

vaccine against VZV was licensed in the USA and has been proven to be effective in 

changing the epidemiology of VZV in the United States (5,6). 

 HCMV is a betaherpesvirus and, while primary infection is largely 

asymptomatic in immunocompetent individuals, it can cause significant morbidity and 

mortality in immunocompromised patients as an opportunistic infection. Some 

important groups at risk for CMV-associated diseases include organ transplant 

recipients, fetuses and newborn babies, and AIDS-patients. Congenital infection 

occurs upon primary infection or reactivation of CMV within the mother, leading to 

damage of the fetal central nervous system (CNS), hearing impairment and mental 

retardation. CMV-associated diseases and complications in immunocompromised 

patients are usually the result of CMV reactivation and can be potentially life 

threatening (i.e. rejection of the transplant, secondary infections) (7). 

 HHV-6 and HHV-7, also betaherpesviruses, are known as Roseoloviruses. 

Both viruses are ubiquitous and primary infection typically occurs in infants. The 

disease associated with Roseoloviruses, exanthema subitum (ES), is characterized 

by sudden high fever and a red rash on the trunk, legs and face of infected 

individuals. The rapid onset of fever can sometimes lead to febrile seizures and, in 

rare cases, liver dysfunction can occur (8).  

 EBV and KSHV, both gammaherpesviruses, are classified as oncogenic 

viruses. They both are lymphotropic and capable of establishing latency in B-cells. 

EBV is nearly ubiquitous, with approximately 90% of the adult population being 

seropositive. Transmission of the virus mainly occurs via oral contact (“kissing 

disease”), but can also occur through genital sexual contact, blood transfusion or 

organ transplantation. Although primary infection is generally asymptomatic, it can be 

associated with infectious mononucleosis, which is characterized by fever, malaise 
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and fatigue that can last weeks to months. EBV has been identified as the causative 

agent for several cancers, including Hodgkin lymphoma, Burkitt lymphoma, T and NK 

cells lymphomas, AIDS lymphomas, and nasopharyngeal and gastric carcinoma (7). 

The reader is referred to section 1.2.1.1 “Oncogenic viruses” for further details on 

EBV pathogenesis. KSHV, formally known as HHV-8, is the most recently identified 

human herpesvirus and is the subject of this thesis. KSHV is the etiological agent of 

Kaposi’s sarcoma and two B-cell malignancies (9). Aspects of KSHV biology and 

pathogenesis will be discussed in detail in section 1.3: Kaposi Sarcoma and KSHV. 
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1.2 Human Oncogenic Viruses 

1.2.1 Introduction 

Human oncogenic viruses account for more than 10% of human cancers 

worldwide. Human viral oncogenesis has been the subject of numerous studies. 

However, the limited availability of animal models, the high diversity among the 

cancers, and the extreme complexity of virus-host interactions render difficult both 

the understanding and management of these diseases (10,11,12). 

Human viral-induced oncogeneses all share the same characteristics: 

oncoviruses are necessary but not sufficient for cancer development, so that only a 

small percentage of the infected individuals develop cancer; viral cancers appear in 

the context of persistent infections and can occur many years to decade after the 

primary infection; the role of the immune system can be either harmful or protective 

against the viruses and virus-associated cancers, depending on the type of cancer 

(12,10).  

 Human viral oncogenesis (Figure 1.2) shares the hallmarks of cancer 

described by Weinberg and Hanaha in “The Hallmarks of Cancer” (13,14), which 

outlines the development of cancer as a progressive acquisition of cellular mutations 

that produce a malignant phenotype (15). As previously stated, oncogenic viruses 

are necessary but not sufficient for the development of the associated.cancer. 

Therefore, additional factors such as host genetics, immunosuppression, chronic 

inflammation, environmental mutagenesis, and gene mutation are generally 

necessary for cancer development (12,16).   
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FIGURE 1.2 Virus oncogenesis  

With permission from Mesri EA. et al. Cell Host & Microbe, 2014 

To ensure replication and persistence in their hosts, human oncogenic 

viruses employ different strategies to hijack the host signaling machinery (15). There 

are several underlying mechanisms whereby a virus can promote anti-apoptotic and 

proliferative programs. For example: (i) Signaling mimicry, in which viruses encode 

proteins able to take over host-signaling mechanisms involved in growth and survival 

(12). (ii) An effect on the DNA damage response (DDR), which is often 

advantageous to virus replication, but deleterious to the host cells because it 

increases mutations and potential oncogenic alterations (17). (iii) Chronic 

inflammatory responses to persistent viral infection, which drive production of 

reactive oxygen species (ROS) that also promote acquisition of mutations (18,19).  

 Broadly-speaking, both DNA and RNA viruses have been identified as human 

oncogenic viruses (Figure 1.3). Human viruses are categorized as group I biological 

carcinogenic agents and include Hepatitis B virus (HBV), Hepatitis C virus (HCV), 
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EBV, high-risk sub-types of human papillomavirus (HPV), human T cell lymphotropic 

virus-1  (HTLV-1), KSHV, and Merkel cell polyomavirus (MCV) (10,20).  

Figure 1.3 Oncogenic viruses 

                             With permission from Mesri EA. et al. Cell Host & Microbe, 2014.!

1.2.2 Human T Cell Lymphotropic Virus-1 (HTLV-1) 

HTLV-1 was the first described human lymphotropic retrovirus (21). The most 

important routes of HTLV-1 transmission occur from sexual intercourse, from mother 

to child predominantly through breastfeeding, and through blood contact, including 

transfusion of infected cellular products and/or sharing of needles and syringes.!Like 

HIV, the reversed transcribed HTLV-1 genome integrates into the host cell DNA. 

Once integrated, HTLV-1 continues to exist only as a provirus, which can spread 

from cell to cell through viral synapses. The route of infection has been shown to 

determine the development of a specific type of HTLV-1-associated disease. For 

example, adult T-cell leukemia/lymphoma (ATL) has been associated with 
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breastfeeding, while HTLV-1-associated myelopathy/tropical spastic paraparesis 

(HAM/TSP) has been associated with blood transfusion (22).!!

Two steps characterize HTLV-1 oncogenesis: the first stage is Tax-

dependent and the second Tax-independent. During the first step, the Tax 

transactivator induces T cell proliferation and survival. During the second step, while 

Tax is inhibited, HTLV-1 b-Zip (HBZ) protein and its RNA drive the oncogenic 

process (22). Despite several advances supporting the development of novel 

treatment agents, the prognosis for ATL remains poor. The variety of therapeutic 

approaches tested over the past 2 decades has been immense. Patients with 

aggressive ATL have a poor prognosis because of the multidrug resistance of 

malignant cells, the large tumor burden with multiorgan failure, hypercalcemia, 

and/or frequent infectious complications as a result of a profound T-cell 

immunodeficiency. Thus, there is an ongoing need for a vaccine against HTLV-1 

(20).  

1.2.3 Hepatitis B Virus (HBV) and Hepatitis C Virus (HCV) 

HBV and HCV are the major etiological causes of hepatocellular carcinoma (HCC) 

worldwide. HCC is the fifth most prevalent tumor type and the third leading cause of 

all cancer deaths (11). Both viruses infect hepatocytes and establish chronic 

infection with inflammation of the liver (hepatitis), which leads to degradation of the 

liver tissue (fibrosis) and ultimately results in cirrhosis and development of HCC (23).  

During viral infection, the HBV-encoded X antigen (HBx) and HCV-encoded core, 

non-structural protein 5A (NS5A) and NS3 directly promote HCC by altering host 

gene expression and signaling. HBx has a role in both the early and late stages of 

HCC with deregulation of signaling pathways and induction of ROS and “stemness” 

(cancer stem cell-like phenotype) (23). HCV core proteins also affect early and late 
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stages of liver cancer by promoting survival, proliferation, ROS production and 

“stemness” (23). Both HBV and HCV promote proliferative signaling that contributes 

to virus replication. They both evade growth suppression and immune destruction by 

blocking apoptosis as well as by promoting invasion and metastasis (24,25).  

Two different therapeutic treatments for hepatitis B patients are available: 

immune modulation and viral suppression (26). Interferon is the only example of 

immune modulatory HBV therapy, while nucleoside or nucleotide analogues are 

used in the antiviral approach. Vaccination for hepatitis B has been available since 

1982, and has effectively reduced the incidence of acute viral hepatitis B.!Prevention 

through worldwide vaccination and screening for HBV in individuals at risk are the 

public health strategies adopted by many countries. 

Until 2011, the combination of PegIFNα and ribavirin was the standard treatment for 

HCV infection. After 2011, new oral effective drugs have been introduced in the 

treatment of chronic HCV infection with the cure rate about 90% (i.e. 

ledipasvir/sofosbuvir) (27,28), suggesting that it might soon be possible to cure all 

patients with HCV. 

1.2.4 Human Papillomaviruses (HPVs) 

Papillomaviruses are epitheliotropic non-enveloped viruses with a double-

stranded DNA genome of ~8Kbp. Among these, only the high-risk HPVs cause 

cervical carcinoma, which is one of the leading causes of cancer death in women. By 

contrast, the low-risk HPVs cause benign warts.  HPV-16 and -18 are the most 

abundant high-risk HPVs, while HPV-6 and -11 are the most frequent low-risk HPVs 

(29,30). HPVs infect basal epithelial cells where the viral genome is maintained as a 

low-copy episome. HPV multistep tumorigenesis is characterized by tightly controlled 

expression of the viral oncoproteins during HPV infection of epithelial cells. Viral 
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genome replication, gene expression and production of viral particles occur only in 

the terminally differentiated layers of the epithelium. HPV-associated cancers are 

generally characterized by nonproductive infections, where only a subset of proteins 

is expressed, but no viral progeny is produced. Additionally, certain viral genome 

sequences such as E6 and E7 have the ability to integrate into the human genome, 

an action which itself constitutes an additional mechanism of carcinogenesis. HPV 

E6 and E7 are potent oncoproteins (31): E7 targets the retinoblastoma tumor 

suppressor pRb for proteosomal degradation, leading to sustained proliferative 

signaling (32). HPV E6 targets the cellular proapoptotic transcription factor p53 for 

degradation and stimulates telomerase expression and activity (33). Together with 

E5, E6 and E7 exploit other pro-oncogenic activities including promotion of immune 

evasion, induction of abnormal angiogenesis and deregulation of cellular metabolism 

(i.e. Warburg effect) (34).  

FDA-approved HPV vaccines are able to prevent infections by certain types 

of human papillomavirus associated with the development of cervical cancer, genital 

warts, and other cancers. The World Health Organization (WHO), as well as public 

health officials in Australia, Canada, Europe, and the United States recommend 

vaccination of young people of both genders against HPV (35).  Two vaccines have 

market approval in many countries as of 2014; Gardasil and Cervarix in the US. Both 

vaccines protect against the two HPV types (HPV-16 and HPV-18) that cause 70% 

of cervical cancers, 80% of anal cancers, 60% of vaginal cancers, and 40% of vulvar 

cancers (36,37). Despite the existence of vaccines, HPV constitutes the most 

common sexually transmitted infection in adults worldwide. Thus, the need to 

promote prevention and vaccination programs remains.   
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1.2.5 Merkel Cell Polyomavirus (MCV) 

Merkel cell polyomavirus (MCV) is a newly discovered human polyomavirus 

thought to be associated with Merkel cell carcinoma (MCC), an aggressive skin 

cancer associated with immunosuppression (38). MCV infection is common in the 

general population and is acquired early in childhood (39). In the setting of a 

compromised immune system, MCV can reactivate and the burst of virus production 

can facilitate viral integration in susceptible Merkel cells. Currently little is known 

about MCV biology. Similarly to SV40, MCV is able to integrate in the human 

genome and expression of a full-length large T (LT) protein leads to unregulated 

DNA replication causing DNA-strand breakage. MCV LT has protein motifs similar to 

those found in SV40 LT, and can bind to pRB and other proteins promoting 

proliferation (40). Similarly to SV40, MCV also encodes small T (sT) proteins. MCV 

sT inhibits the tumor suppressor PP2A promoting proliferation. Unique to MCV sT is 

the manipulation of the Akt-mTOR pathway enhancing cell transformation (41,42). 

Immunosuppression is recognized as risk factor for MCC. Indeed, patients 

with AIDS have a 13-fold increased risk for developing MCC compared to the 

general population. Similarly to Kaposi sarcoma, MCC targets (in additional to AIDS-

patients) elderly and transplant recipients, reinforcing the role of the immune system 

in maintaining viral infection under surveillance (43). Similar to other human 

oncogenic viruses, MCV infection alone is not sufficient for tumor development. In 

fact, MCC tumors require specific mutations (both T antigen truncation and genomic 

integration) and possibly additional cellular changes or mutations, likely in the setting 

of immunosuppression, that favor the establishment of the tumor (43,44). 
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1.2.6 Epstein-Barr Virus (EBV) 

As introduced in Section 1.1, EBV is an oncogenic gamma-1 herpesvirus 

implicated in several lymphoid malignancies, such as Burkitt lymphoma, Hodgkin 

disease and non-Hodgkin lymphoma, post-transplant lymphoproliferative disorder 

and nasopharyngeal carcinoma (45,46). EBV infects B-cells and adopts different 

transcription programs to persist in the host (47). When EBV infects naïve B-cells, it 

establishes a Latency III program, also called “growth program”, in which EBV 

expresses proteins (EBNA-2,3, LMP-1,2) with sufficient oncogenic potential to cause 

immortalization in tissue culture and in vivo. EBV lymphomas with a latency III 

program develop only in immunocompromised individuals (HIV patients, post-

transplant recipients), while other lymphomas and cancers in immunocompetent 

hosts will display Latency I or II patterns, expressing only EBNA-1 and LMPs with 

low immunogenicity. EBNA-1 expression alone (Latency I) allows the EBV genome 

to be maintained as an episome and segregate in dividing cells (45,48).   

Although increasing evidence has demonstrated a potential role for EBV in 

EBV-associated lymphoproliferative disorders (LPDs), no unified targeted therapeutic 

strategies have been established. Antivirals in clinical use are mainly broad-spectrum 

anti-herpesvirus agents with a variable anti-EBV effect, e.g., acyclovir, ganciclovir, 

and valacyclovir. Approaches targeting oncogenic pathways have been intensively 

studied based on the altered pathways detected in EBV-associated LPDs (49). The 

current understanding of EBV pathogenesis has revealed the role of the virus in the 

initiation, acceleration or maintenance of EBV-associated LPDs. The mechanisms 

whereby EBV maintains its latent infection and contributes to a spectrum of lymphoid 

malignancies still remain to be elucidated. Further experimental and clinical studies 

are needed to improve therapeutic strategies for EBV-associated disorders.  
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1.2.7 Kaposi Sarcoma Herpesvirus (KSHV) 

KSHV or human herpesvirus 8 (HHV-8) is a gamma-2 herpesvirus that is 

causally associated with the angioproliferative tumor Kaposi sarcoma (KS) and B cell 

lymphoproliferative disorders (9,50). 
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1.3 KSHV and Kaposi’s Sarcoma 

1.3.1 Introduction and Classification of KS 

In 1872, Moritz Kaposi, a dermatologist at the University of Vienna, was the 

first to describe five cases of middle aged and elderly men who presented with a 

multiple idiopathic pigmented sarcoma of the skin. The disease was named Kaposi 

sarcoma (KS) few years later (51,52). In 1994, Yuan Chang’s group identified KSHV 

DNA sequences in cutaneous KS tissue. Since then KSHV has been associated not 

only with with KS, but also with rare lymphoproliferative disorders including 

multicentric Castleman disease (MCD) and primary effusion lymphoma (PEL) 

(51,52).  

 KS is classified into four distinct epidemiological forms; classic KS, a 

relatively indolent variant first described in elderly Mediterranean men; endemic KS, 

an aggressive variant common in sub-Saharan Africa; AIDS-KS, the most common 

AIDS-associated cancer, is a severe and often fatal form of KS; and iatrogenic KS, 

which is typically associated with organ transplantation (53). All of these forms share 

the same KS characteristics in which the neoplasm presents as multiple violaceous 

dermal and/or mucosal lesions. As the tumor progresses, the patch lesions become 

plaque lesions and ultimately they reach the nodular stage and, sometimes, even 

ulcerate (54). In some cases, dissemination to the visceral organs can occur, an 

event that is usually associated with a poor prognosis (51,52). The four different 

forms of KS are histologically indistinguishable with disorganized networks of 

abnormal microvasculature composed of elongated endothelial cells, called “spindle 

cells”. Spindle cells do not preserve the integrity of the endothelium, thus allowing 

fluids and cells to extravasate, causing lymphedema and accumulation of 

inflammatory cells and erythrocytes in the surrounding tissue (52,55-57). Spindle 
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cells are thought to be of endothelial lineage and become the most predominant cell 

type in KS during the plaque and nodular stages. Patch lesions are typically 

polyclonal, but oligoclonal and monoclonal lesions have been described in later 

stages. All KS stages and forms are associated with the presence of KSHV DNA in 

the tissue (58,59).  

1.3.2 Lymphoproliferative disorders associated with KSHV 

a) Multicentric Castleman Disease (MCD) 

MCD is also known as “angiofollicular hyperplasia” and it is most commonly 

observed in HIV+ patients and transplant recipients. Interestingly, MCD has also 

been described in HIV-negative patients and occasionally in KSHV-negative patients 

(60,61). Most MCD patients have lymphoadenopathy, fever and 

hepatosplenomegaly, with KS co-present in up to 70% of the individuals. MCD is 

characterized by hyperplastic follicles with indistinct borders and interfollicular zones 

with plasma cells and vascular hyperplasia. These tumors are often polyclonal, but 

sometimes progress into monoclonal lymphomas (62,63).  

 

b) Primary Effusion Lymphoma (PEL) 

PEL is an aggressive lymphoma characterized by pleural, pericardial or 

peritoneal effusions, even at early stages. Cells are of B-cell origin and they all 

present KSHV positivity (60,64). Despite the fact that some PEL patients show EBV 

co-infection, KSHV is thought to be the major driver of disease. Cases have also 

been observed in HIV-negative patients and occasionally in other 

immunocompromised individuals, such as transplant recipients and the elderly (65).  
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1.3.3 Therapy in KS 

The incidence of AIDS-associated KS has decreased dramatically since the 

introduction of combination antiretroviral therapy (cART) in 1996, however KS still 

remains the most common neoplasm in HIV-seropositive patients (66,67). Moreover, 

endemic and classical KS remains a significant problem, especially in the Sub-

Saharan areas (http://globocan.iarc). For patients with more advanced and 

symptomatic KS systemic chemotherapy is used, typically doxorubicin (67) or 

imatinib (68). Inhibitors of viral DNA polymerases, such as the herpesvirus inhibitors 

cidofovir and foscarnet, have been employed to prophylactically treat patients, but 

such drugs have limited efficacy in individuals with established KS. Other non-viral 

proteins have been the target of more recently developed drugs, such as inhibitors of 

tyrosine kinases (Abl, c-kit and PDGFR) (53,69). Despite the encouraging results 

from the use of the aforementioned drugs, there is a strong demand for the 

development of vaccines or novel therapeutic agents that are also affordable in 

resource-limited areas (i.e. sub-Saharan Africa).  

1.3.4 KSHV genome 

The structure of the KSHV genome is similar to HSV, having a long unique 

region (LUR) flanked by terminal repeat (TR) units. The ~140 Kbp LUR sequence 

has 53.5% G+C content and includes about 87 identified KSHV ORFs. TR regions 

consist of multiple 800 bp direct repeat units having 84.5% G+C content with 

potential packaging and cleavage sites (8,70). TR sequences are required for the 

maintenance of the episomal DNA in latently infected cells (Figure 1.4). During the 

lytic cycle, initiation of viral DNA replication is dependent on another site on the 

genome, called OriLyt, which have been identified in all herpesviruses (71,72). 
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Figure 1.4 KSHV genome structure 

With permission from Cullen B. Nature Immunology, 2013. 

 

1.3.5 KSHV life cycle 

KSHV infection is a complex multistep process involving the regulation of 

several different cellular pathways. A productive KSHV primary infection in adherent 

cells involves an initial lytic phase (2hpi), followed by a latent phase (24hpi) 

coincident with a decline of the lytic phase. KSHV typically establishes latency 

starting at 24 hours post infection (73). The initial lytic phase is critical to ensure both 

the spread of the virus and the establishment of a persistent latent infection in target 

cells. 

KSHV infects a variety of cell types in vivo including endothelial cells, B cells, 

monocytes and epithelial cells. In vitro, KSHV has been shown to infect human B 

cells, endothelial cells, epithelial cells, fibroblasts, monocytes and stem cell 

precursors of dendritic cells (DC). Additionally, KSHV is able to infect monkey kidney 

cells, BHK-21 cells, CHO cells and mouse fibroblasts (73).  



! 19!

Several studies have been conducted to investigate the life cycle of KSHV in 

different cell types (Figure 1.5). As of today, several binding receptors have been 

identified, the most well-known being the ubiquitous cell surface heparan sulfate 

proteoglycan (74). DC-SIGN has also been documented as a KSHV binding receptor 

for human B cells, macrophages and DC (75). Several integrins have been proposed 

as entry receptors for KSHV in a variety of cells; the viral envelope protein gB is 

responsible the interaction with integrins and the subsequent endocytosis of the virus 

into the cells (76,77). Another entry receptor shared by different cell types is the 

glutamate/cysteine exchange transporter protein xCT (78), although the KSHV 

envelope protein/s responsible for the interaction with xCT has yet to be identified. 

Endocytosis is the predominant mechanism of KSHV entry into endothelial 

cells, B cells, fibroblasts, monocytes and epithelial cells. However, actin-dependent 

macropinocytosis has also been observed in endothelial cells (73). After entry and 

fusion of the virus particles with the plasma membrane, KSHV capsids are released 

into the cytoplasm of the infected cells where they travel on microtubules towards the 

nucleus. When capsids reach the nuclear pores, viral DNA is released into the 

nucleus where genome replication and transcription occur (73). As per all 

herpesviruses, KSHV gene expression is a tightly temporally-regulated process that 

is initiated and controlled by a viral transactivator delivered into the cells as a 

component of the tegument. Viral transcripts can be subdivided into three temporal 

groups: immediate-early (IE), early (E) and late (L) transcripts (Figure 1.5) (79).   
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Figure 1.5 Herpesvirus life cycle 
With Permission from Zerboni L., et al. Nature Reviews Microbiology, 2014 

 

These groups can be further characterized by their sensitivity to cyclohexamide 

(CHX, a translation inhibitor) and phosphonoacetic acid (PAA, a DNA synthesis 

inhibitor). IE transcripts are insensitive to CHX and are not dependent on newly 

expressed viral proteins. IE genes encode proteins that play an important role in the 

regulation of E and L gene expression as well as in evasion of the host innate 

immune response. Unlike IE genes, E genes are sensitive to CHX, as they require 

expression of IE proteins. Conversely, E genes are insensitive to PAA treatment due 

to their independence from viral DNA synthesis. The L genes encode structural 

proteins and proteins important for virion assembly. L genes are dependent on viral 

DNA replication and are therefore sensitive to PAA treatment (79). Shortly after 

release into the nucleus and circularization, the viral genome is competent for 

replication cycle, which initiates at the OriLyt sites in the genome. Initially replication 

occurs by a theta-type (θ) mechanism and proceeds in a rolling circle mechanism, 

characterized by long head-to-tail genomes (concatemers) (79). Concatemers are 

then resolved into units of full-length genome, which are packaged into pre-
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assembled capsids. Capsids acquire both the genome and first layer of tegument in 

the nucleus of the infected cells. Nuclear egress and acquisition of tegument and 

envelope have long been subjects of controversy, but it is now well accepted that 

virion assembly occurs through a process of envelopment-de-envelopment-re-

envelopment (80). The model suggests that capsids acquire a first envelope by 

budding out of the nucleus. The capsids then lose their envelope by fusing with the 

outer nuclear membrane. Subsequently, naked capsids are released in the 

cytoplasm where they travel through the TGN and ER and acquire the tegument 

layer and final envelope. The mature virions are then ready to be released from the 

cell (81). 

A recent RNA-seq analysis on KSHV-infected cells observed transcription of 

genes involved in viral DNA replication as early as 4 hpi. These transcripts include 

ORF59 (processivity factor), ORF9 (DNA polymerase), ORF6 (single-stranded DNA 

binding protein), ORF56 (DNA replication protein), ORF40 (primase-associated 

factor), and ORF54 (dUTPase), along with ORF60, ORF61, ORF70 and ORF37. 

Apart from these transcripts, several other transcripts, encoding the viral structural 

proteins ORF8 (glycoprotein B), ORFK8.1 (glycoprotein), and the tegument proteins 

ORF64 and ORF75, were also detected. Additionally, early lytic genes involved in 

immune-modulation (ORF50 RTA, K5, vIRF2, ORF54, ORF74 vGPCR), and 

prevention of apoptosis (K4 vMIP-II, K6 vMIP-I, K2 vIL-6) were observed. 

Surprisingly, transcripts for the latent gene ORF73 (LANA-1) can also be detected 

very early after infection, potentially indicating a critical role for this viral factor in the 

productive KSHV life cycle (82). Additionally, many of the noncoding RNAs including 

PAN RNA, T0.7, and T1.5 (OriLyt transcript) were abundantly detected in the RNA-

seq analysis.  
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Similar to the transcription of viral genes, KSHV DNA replication also can be 

detected as early as 4 hpi, increasing exponentially up to 48 hpi and then decreasing 

with time after establishment of latency (83). The viral episome is tethered to the host 

genome through the interaction of LANA-1 with the host chromatin. Like the cellular 

genome, the viral episome is also packaged into chromatin-like structures, protected 

from DNA damage and tightly regulated for gene expression (84). During latency, 

KSHV promotes expression of a small subset of genes encoded in the KSHV latency 

associated region (KLAR). These genes include LANA-1 (ORF73) and -2 (vIRF3), v-

cyclin (ORF72), Kaposin-A and –B (ORFK12), vFLIP (ORF71), and the viral 

microRNAs (72). The genes encoded by the KLAR ensure viral persistence play an 

important role in the development of KS by promoting evasion of host antiviral 

immune responses and survival of infected cells (85).  

 

1.3.6 Mechanisms of KSHV pathogenesis 

KSHV infection of endothelial cells leads to reprogramming of cellular 

signaling pathways involved in proliferation, inflammation and angiogenesis. KS 

tumor progression is ensured not only by virtue of the effect of viral proteins and viral 

miRNAs, but also indirectly by the paracrine effect of cellular and/or viral cytokines 

released from the infected cells (Figure 1.6) (54). An overview of the different 

mechanisms of KSHV pathogenesis follows. 
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Figure 1.6 KSHV tumorigenesis 

With permission from Mesri EA. et al. Cell Host & Microbe, 2014. 

 

1.3.6.1 Proliferation 

Several viral factors are involved in the deregulation of the cell cycle and 

inhibition of apoptosis in KSHV latently infected endothelial cells. Nuclear latency 

protein LANA-1 is strongly expressed during KSHV latency as well as during lytic 

replication. LANA-1 ensures the segregation and maintenance of the viral genome 

throughout cellular replication (86). Additionally, LANA-1 modulates the activity of 

several cellular transcription factors by inhibiting p53 ability to induce apoptosis. It 

targets the pRB and GSKB3 proteins, which modulate the cell cycle, and has also 

been shown to increase the stability of the cellular oncogene c-MYC (87-90). 
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The viral homologue of cellular cyclin D (vCyc) and the viral FLICE-like inhibitory 

protein (vFLIP) also contribute to KSHV pathogenesis (91,92). Both vCYC and vFLIP 

are expressed from the KLAR during latency, from a bicistronic mRNA. vCYC 

increases DNA synthesis, shifting the cell cycle toward the S phase by 

phosphorylating several substrates, such as Cdc6 and Rb (93,94). vFLIP is able to 

block the oncogene-induce senescence caused by vCYC and prevent autophagy of 

infected cells (95,96).  

 

1.3.6.2 Inflammation 

KS lesions are characterized by the presence of numerous inflammatory cells 

including monocytes, plasma cells and eosinophils. Chronic immune activation and 

inflammation promote the development of KS in infected individuals (55). KSHV 

encodes cytokines, homologous to cellular proteins that can trigger an inflammatory 

response; these include vCCL1 (K6), vCCL2 (K4), vCCL3 (K4.1), which are 

homologues of MIP1α, MIP1β and CCL2, respectively (97,98). These viral cytokines 

are able to elicit an inflammatory response by acting as ligands to chemokine 

receptors CCR4 and CCR8 expressed on Th2 cells.  vFLIP and K15 are able to 

induce COX2 expression, which is an inducible form of cyclooxygenase involved in 

the production of proinflammatory mediators such as prostaglandins (57). Induction 

of COX2 leads to secretion of pro-inflammatory (RANTES, MCP2, MIP1α) and pro-

angiogenic factors (IGF1, PDGF, MCSF, VEGF-A and VEGF-C). COX2 also 

increases the secretion of matrix metalloproteinases (MMPs) promoting invasion of 

infected cells (55).  
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1.3.6.3 Angiogenesis, invasion and migration 

KSHV-infected endothelial cells have the ability to form tubule-like networks 

in vitro even in the absence of exogenous growth factors. Both lytic and latent viral-

encoded proteins and miRNAs contribute to this angiogenic effect. The viral 

homologue of IL-6 (vIL-6) has angiogenic, anti-apoptotic and mitogenic properties: 

vIL-6 modulates the MAPK pathway resulting in expression of angiogenic (VEGFR2, 

bFGF, cyclin D and cIL-6) and inflammatory factors (PTX3) (99) . 

The viral G-protein-coupled receptor (vGPCR, ORF74) is a ligand-

independent, constitutively active IL-8 receptor. vGPCR is expressed during early 

lytic cycle and activates the NF-kB pathway and AP1/NFAT networks, promoting 

secretion of several angiogenic factors (i.e. VEGF, bFGF, IL-2, IL-4, IL-6, IL-8, and 

TNFα) (100). 

The non-structural proteins K1 and K15 also show promotion of angiogenic 

factors and inflammatory cytokines. For example, K1 increases VEGF secretion and 

induces secretion of IL-1α, IL-1β, IL-8, IL-10 and RANTES. Furthermore, K1 leads to 

activation of the Akt-PI3K pathway, modulating proteins such as PTEN and mTOR, 

thus promoting cellular survival. K15 activates PLCγ1, leading to tubule formation in 

in vitro angiogenesis assays. Additionally, K15 interacts with Src kinases and 

promotes cox2, nfat and dscr1 transcription (101). 

The major latency protein LANA-1 also has a role in promoting angiogenesis 

and invasion in KSHV-infected cells. For example, LANA-1 induces expression of the 

protein emmprin, known to be a prometastatic and proangiogenic factor in cancer. As 

result of emmprin induction, cells induce secretion of angiogenic factors (IL-6 and 

VEGF) and MMPs contributing to metastasis (102). 
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1.3.7 Models of KSHV Pathogenesis 

1.3.7.1 In vitro models 

Dr. Ashlee Moses’ research group was one of the first to establish an in vitro 

model of KSHV infection in endothelial cells (103). Her group was able to immortalize 

dermal microvascular endothelial cells (DMVEC) via transduction of HPV16 E6 and 

E7 genes. Although several additional groups have been able to infect primary 

DMVEC with KSHV (reviewed in (104)), the percentage of infected cells is low, 

latency is poorly maintained and the virus does not spread well in such cultures. The 

inability to establish a significant productive infection in primary DMVEC may be 

attributed to their naturally limited life span in culture. Immortalized DMVEC retain 

the essential in vitro features of primary cells, but their extended life span facilitates 

the establishment of infection. Morever, the use of immortalized DMVEC enables the 

long-term maintenance of age and passage-matched mock-infected control cells in 

parallel with KSHV-infected cultures for identification of KSHV-specific phenotypic 

changes. For example, following KSHV infection, DMVEC shape changes from a 

classical cobblestone-like to a spindle-like morphology. Importantly, infected DMVEC 

also acquired features characteristic of transformed cells including loss of contact 

inhibition and the acquisition of anchorage-independent growth (104). It is 

noteworthy that the altered phenotype of in vitro infected DMEC resembles that of 

KS spindle cells in vivo and supports the hypothesis that KSHV-infected endothelial 

cells are the precursors of KS spindle cells (105),(106). Interestingly, despite the fact 

that oncoproteins E6 and E7 target several cellular proteins including Rb and p53, 

their expression does not result in transformation of DMVEC (i.e. contact inhibition is 

still observed and colony growth in soft agar does not occur). Because KSHV LANA-

1 also targets Rb and p53, it is important to take into consideration effects 
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attributable to both KSHV and the HPV E6/E7 proteins when interpreting phenotypes 

observed with HPV-immortalized DMVEC (104). 

Another efficient in vitro model for KSHV infection is represented by 

telomerase-immortalized microvascular EC, also called TIME cells (107).  In order to 

obtain TIME cells, DMVEC are transduced with a retroviral vector expressing the 

telomerase reverse transcriptase subunit (hTERT). Similarly to E6/E7 DMVEC, TIME 

cells can be used for studies of early events in de novo infection (107). However, 

TIME cells are not as efficient as E6/E7 DMVEC in maintaining the viral episome 

throughout multiple cellular passages (104), thus posing some limitations to latency 

studies.  

 

1.3.7.2 Humanized BLT mice 

The generation of a new humanized mouse, called the BLT (bone marrow, 

liver, and thymus) mouse (hu-BLT) generated from a NOD/SCID/IL2rγ (NSG) mouse, 

has been shown to be an excellent model for studying human viral infection (108). 

This model is able to sustain high levels of transplanted human immune cells and is 

the only one that can generate a human mucosal immune system. Dr. Charles 

Wood’s research group recently reported that the humanized BLT mouse model is 

able to support robust KSHV latent and lytic infection, via routes of transmission that 

are natural in humans (109). Their data showed that latent and lytic viral transcripts 

and viral protein expression were detectable in various tissues, including spleen and 

skin tissues. Interestingly, these mice could be infected via several routes, including 

the oral mucosa. Furthermore, this group was able to show KSHV-establishment of 

latency in human B cells and macrophages (109). The humanized BLT mouse model 

will be potentially useful not only for studying KSHV pathogenesis in vivo but also for 
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studying spread of the virus in the infected host. 

Due to the species-specificity of the herpesviruses, it has been challenging to 

develop animal models for KS using KSHV. Thus, researchers have utilized other 

members of the gammaherpesvirus family to better understand KSHV infection and 

pathogenesis. The main two KSHV models in use are represented by the Rhesus 

macaque rhadinovirus (RRV) and the Murine gammaherpesvirus 68 (MHV-68).  

 

1.3.7.3 Rhesus Rhadinovirus (RRV) 

RRV is a gamma-2 herpesvirus that is genetically similar to KSHV but is a 

natural pathogen of rhesus macaques (110). Two different strains of RRV have been 

isolated: strain H26-95 was isolated and identified at the New England Primate 

Research Center (111), while another strain, RRV17577, was isolated at the Oregon 

National Primate Research Center (112). RRV17577 was identified in simian 

immunodeficiency virus (SIV) infected rhesus monkeys, which developed an 

angiofollicular lymphadenopathy resembling the MCD seen in humans (112). While 

the two RRV strains are genetically very similar, only RRV17577 is used as a model for 

KSHV infection and pathogenesis in Old World Monkeys (112). 

 The RRV17577 genome is co-linear with KSHV genome, sharing a high 

percentage of ORF similarity. In general, the organization of RRV17577 is similar to 

that of other gammaherpesviruses, with a unique long sequence of ± 130kb 

interspersed with internal repeat regions and terminal repeats at both ends.  

 Despite the prevalence of RRV in Rhesus macaque colonies in captivity, only 

a small number of macaques develop RRV-associated disease (110). Reminiscent of 

KSHV in HIV-positive patients, RRV disease is seen only in immunocompromised 

macaques (typically following SIV infection). RRV infection has been linked not only 
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to MCD-like disease, but also to the development of mesenchymal cell proliferative 

lesions similar to those seen in KS (called retroperitoneal fibromatosis) (113) and 

non-Hodgkin lymphoma (114). 

 Many of the KSHV ORFs involved in pathogenesis, including several 

implicated in cell proliferation, inhibition of apoptosis and immune evasion, are 

conserved in RRV, reinforcing the use of RRV as model for KSHV. A summary of the 

principle RRV factors involved in infection follows: vIL-6, a viral homologue of IL-6, 

promotes B cell proliferation (114,115); the vGPCR ORF74 is involved in 

oncogenesis (116); viral interferon regulatory factors (vIRFs, 8 of which are encoded 

by RRV) have homology to cellular IRFs directly involved in the regulation of IFN 

expression (117,118); viral CD200, an homologue of cellular CD200, inhibits the 

activation of myeloid cells and the production of inflammatory cytokines (119,120). In 

addition, RRV microRNAs have been shown to play a role in RRV pathogenesis, 

although the full influence of these genetic elements remains to be elucidated (121).  

 RRV has become a commonly used model for the study of KSHV 

pathogenesis in vivo. As previously mentioned, RRV shares a high degree of 

sequence homology with KSHV and induces similar pathogenesis in infected rhesus 

macaques. Furthermore, the availability of recombinant forms of RRV with mutated 

or deleted ORFs allows for the investigation of specific viral ORFs with respect to 

their role in viral pathogenesis (122).   

 The RRV model in Rhesus macaques provides a unique insight into the 

mechanisms of KSHV disease development, and allows for the study and 

development of novel anti-viral therapies that may also prevent KSHV-associated 

diseases in humans. 
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1.3.7.4 Murine Herpesvirus-68 (MHV-68) 

MHV-68 is a member of the gamma-2 herpesvirus family first isolated from 

bank voles. The genome encodes for 80 genes products, 63 of which are co-linear 

and homologous to KSHV. The genomic organization of MHV-68 consists of 118kb 

of a unique long sequence of DNA, flanked by terminal repeats, a structure that is 

characteristic of the gamma-2 herpesviruses, including KSHV (123).   

MHV-68 is able to infect mice and establish latency in lymphoid tissues and, 

like KSHV, can induce the development of lymphoproliferative diseases and 

lymphomas following long-term infection (123). Notably, such disorders are only 

observed in a small percentage of MHV-68-infected mice. MHV-68, like KSHV and 

RRV, encodes a series of viral proteins recognizable as cellular homologues. These 

proteins have been shown to play an important role in the viral pathogenesis by 

regulating apoptosis, immune responses and cell cycle (124). For example, the 

MHV-68 vGPCR, like the KSHV vGPCR, plays a role in angiogenesis and tumor 

formation (125), while the viral Bcl-2 (vBcl-2) homologue inhibits cellular apoptosis 

and promotes survival of the infected cells (126). Due to the ability to induce 

infectious mononucleosis, MHV-68 is not only used as a model for KSHV, but has 

become a suitable model for studying EBV-induced mononucleosis (123,127,128). 

 

!  
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1.4 KSHV MicroRNAs 

1.4.1 Expression and regulation  

MicroRNAs (miRNAs) are small, noncoding RNA molecules that range from 

19 to 24 nucleotides in length. miRNAs bind to their complementary message RNAs 

(mRNAs) to regulate gene expression at a post-transcriptional level. miRNAs have 

been identified and isolated in both plant and animal cells. Most animal miRNAs 

have incomplete complementarity to the 3’ untranslated region (UTR) of a target 

gene and modulate gene translation either by degrading the mRNA or by post-

transcriptional modifications (129,130). Recently, several DNA viruses, including 

herpesviruses, have been shown to encode miRNAs 

(131-136).   

Figure 1.7 miRNA biogenesis 

With permission from Lodish HF, et al. Nature  Review Immunology, 2008. 
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The biogenesis of miRNAs begins with the transcription of a long capped, 

polyadenylated transcript by RNA polymerase II; this transcript is known as the 

primary miRNA (pri-miRNA). Subsequently, the pri-miRNA is processed by the 

RNase III enzyme Drosha and its cofactor DGCR8, generating a precursor miRNA 

(pre-miRNA) (137). The resultant pre-miRNA hairpin is exported to the cytoplasm by 

the nuclear export factor exportin 5, where it interacts with a second RNase III 

enzyme called Dicer. Dicer, together with its cofactor TRBP, removes the terminal 

loop of the pre-miRNA hairpin to generate a 22nt miRNA duplex intermediate. One 

strand of the miRNA is incorporated into the RNA-induce silencing complex (RISC), 

where it acts as a guide to direct RISC to complementary mRNA targets (Figure 1.7) 

(138,139). 

 
As previously mentioned, the KLAR encodes 12 pre-miRNAs, which are 

responsible for the expression of at least 18 mature miRNAs. The mature KSHV 

miRNAs are named miR-K12-1 to miR-K12-12, based on their proximity to Kaposin 

(K12); 10 of the 12 miRNAs are located within the intron of K12, while miR-K12-10 is 

located within the Kaposi A ORF and the 3’UTR of Kaposin B, and miR-K12-12 is 

located within the 3’UTR of K12 (140,141). The KSHV miRNAs are constitutively 

expressed during latency and their expression is maintained during lytic replication. 

The miRNAs promoters with start sites at 127880/86 and 123751/60 are active 

during latency and the resulting pri-miRNAs contain miR-K1-K9 and miR-K11 within 

a ∼4.8-kb intron and miR-K10/miR-K12 in their 3’-terminal exon (142). The latency 

promoters also drive the expression of mRNAs encoding LANA, v-Cyclin, and vFLIP. 

In addition, a predominantly lytic promoter gives rise to an unspliced ∼1.3 kb 

transcript that was shown to minimally express Kaposin B and also contains the miR-
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K12-10 and miR-K12-12 stem-loops, resulting in increased levels of miR-K12-10 and 

miR-K12-12 expression during lytic replication. 

 Some KSHV miRNAs are highly conserved between KSHV strains (such as 

miR-K12-1, -3, -8, -10, -11, 12), while others exhibit sequence alterations (miR-K12-

2, -4, -5, -6, -7, -9), likely affecting their function. Interestingly, individual KSHV 

miRNAs are expressed at very different copy numbers in infected cells. Some of 

them (including miR-K12-1, -3, -4, -6, -11) are always detectable, while others are 

not very abundant (140,141,143). Because a common promoter regulates their 

transcription, their different expression could be attributable to post-transcriptional 

modifications and processing.  

 With the exception of KSHV miR-K12-10 and RRV miR-rR1-15, KSHV 

miRNA seed sequences are not conserved between KSHV and other herpesviruses 

(143).  

 

1.4.2 KSHV miRNAs targetome 

 KSHV miRNAs target a variety of cellular mRNAs involved in diverse aspects 

of KSHV infection. As shown in the table above, several different miRNAs share the 

same target and/or pathway. Some of the functions of KSHV miRNAs include 

regulation of virus entry (miR-K12-1, -9, -11), viral gene expression (miR-K12-7, -9, -

4, -1, -3, -5, -11, -10 and -12), cell survival (miR-K12-10, -1), immune evasion (miR-

K12-7), cytokine secretion (miR-K12-3, -7, -11, -10) and aerobic glycolysis (140,144-

146). In a recent publication, it was shown that KSHV miRNAs are loaded into 

microvesicles (exosomes) and can be transported in the bloodstream or in other 

bodily fluids. Exosome delivery constitutes an important form of cellular 

communication between infected/cancerous cells (paracrine signaling) and to 
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uninfected cells (146). Because of their importance in KSHV infection, a successful 

therapeutic approach against viral malignancies could potentially be achieved by 

combining drugs targeting miRNA with existing therapies. 

1.4.3 KSHV miR-K12-11 

KSHV miRNAs target host and viral mRNAs. Interestingly, KSHV encodes 

miRNAs that are viral orthologs of cellular miRNAs (141,143,144).  

For example, two independent studies reported that miR-K12-11 is the 

ortholog of host hsa-miR-155, through sharing of the identical seed sequence  

(Figure 1.8) (147,148).  

miR-155 is a multifunctional miRNA that is important in immunity, 

hematopoiesis, inflammation, and oncogenesis (149). Of note, miR-M4, a miRNA 

encoded by the highly oncogenic Marek’s disease virus, is also a functional ortholog 

of hsa-miR-155 (150). EBV does not encode a miR-155 ortholog, but induces miR-

155 expression through expression of the viral oncoprotein LMP1 (151,152).  

Figure 1.8 KSHV miR-K11 homology to human miR-k155 

With permission from Cullen B. Nature Immunology Review. 2013 

Because miR-K12-11 shares the same seed sequence as hsa-miR-155, 

these two miRNAs may have similar functions and targets. Expression of miR-K12-

11 or hsa-miR-155 results in the downregulation of an extensive set of mRNA 
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targets, including the transcriptional regulator BACH1. BACH1 is involved in 

transcriptional regulation of several cellular genes including xCT and HO-1, both of 

which play an important role in KSHV infection and pathogenesis (78,153,154). 

Additionally, ectopic expression of miR-K12-11 or miR-155 targets C/EBPβ, which 

leads to a significant expansion of the CD19 (+) B-cell population (155). Further 

studies have indicated that miR-K12-11 is involved in attenuating interferon signaling 

and contributing to KSHV latency maintenance through targeting of I-kappa-B kinase 

epsilon (IKKε) (156). Moreover, ectopic expression of miR-K12-11 downregulates 

TGF-β signaling and facilitates cell proliferation by directly targeting SMAD5 (157). 

1.5 Innate Immunity in KSHV infection 

The immune system protects organisms from infection with layered defenses 

of increasing specificity. The innate immune system provides the first line of immune 

response, which is immediate but non-specific. Innate immune systems are found in 

all plants and animals (158,159). If pathogens successfully evade the first line of 

defense, vertebrates exhibit a second layer of protection represented by the adaptive 

immune response, which is activated by the innate response. Here, the immune 

system alters its response during an infection to improve its recognition of the 

pathogen. This immune response can be retained after the pathogen has been 

eliminated in the form of an immunological memory and allows the adaptive immune 

system to react faster and stronger each time the same pathogen is encountered 

(159,160).  
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1.5.1 Intrinsic Antiviral Immunity  

Intrinsic antiviral immunity refers to a form of immunity that directly restricts 

viral replication and assembly, thereby rendering a cell non-permissive to a specific 

virus. Intrinsic immunity is conferred by restriction factors that are mostly constitutive 

in certain cell types (161).  

 Despite the fact that intrinsic antiviral factors pre-exist in certain cells, their 

expression can be further induced by interferon. Many intrinsic antiviral factors have 

evolved under strong positive selection through co-evolution with the virus (159). 

Studies on intrinsic antiviral factors have been critical to understand permissiveness 

of a cell type to a specific virus and to investigate the mechanisms by which viruses 

have coevolved with their hosts to counteract these factors.   

 Mechanisms of intrinsic immunity include apoptosis, autophagy, RNA 

interference and antiviral factors (161).  

1.5.1.1 Evasion of intrinsic immune response by KSHV 

During KSHV infection, processes related to viral replication frequently induce 

stress responses that perturb cellular homeostasis, including apoptosis and 

autophagy. KSHV has evolved to evade cell apoptosis by expressing two human 

homologues: vFLIP and vBcl-2. vFLIP interferes with the formation of the death-

inducing signal complex (DISC), a component of the death receptor-mediated 

apoptosis pathway (162). vBcl-2 has lost the inhibitory group present in cellular Bcl-

2, which converts cellular anti-apoptotic pathways into pro-apoptotic ones (163). 

Additionally, LANA and vIRF4 both target p53 for degradation, while K1, miR-K10a 

and vIAP also contribute to preventing apoptosis. Another intrinsic immune 
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mechanism of response is represented by autophagy. Autophagy is a homeostatic 

process through which the cell self-engulfs and auto-digests cytoplasmic constituents 

in order to balance sources of energy at critical times such as stress or nutrient 

starvation. In additional to influencing cellular proliferation, both vFLIP and vBcl-2 

can inhibit autophagy by targeting ATG3 and Beclin-1, respectively (164).  

1.5.2 Role of Pattern-recognition Receptors in innate immunity 

The most important role undertaken by the immune system is the detection of 

microbial components. Appropriate recognition of invasive microbes is critical for 

establishment of an effective immune response. Pathogen detection by the innate 

immune system is carried out by a class of immune sensors called pattern 

recognition receptors (PRR). The Toll-like receptors (TLRs) are a class of PRRs that 

detect a broad range of molecular patterns. They were initially identified based on 

homology with the Toll receptor in Drosophila (165). The fly Toll is essential for 

recognition of fungal pathogens, as well for fly development. TLRs are type I 

transmembrane proteins with ectodomains containing leucine-rich repeats that 

mediate recognition of pathogen-associated molecular patterns (PAMPs) (165). The 

intracellular Toll-interleukin 1 receptor (TIR) domain is required for downstream 

signal transduction. So far, 10 functional TLRs have been identified in humans (12 in 

mice). PAMPs recognized by TLRs include lipids, lipoproteins, proteins and microbial 

nucleic acids. The recognition of PAMPs by TLRs can occur in various cellular 

compartments, such as the plasma membrane and intracellular vesicles.  After the 

discovery of TLRs, several classes of cytosolic PRR, including RIG-I like receptors 

(RLRs) and Nod-like receptors (NRLs) were identified. The RLR family consists of 

three members: RIG-I, MDA5 and LPG2, which detect virus-associated dsRNA. The 

NRL family consists of more than 20 members, several responding to PAMPs and 
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other detecting cell stresses and non-PAMP particles. The primary consequence of 

TLR signaling activation is the induction of NF-kB pathways, IRF-3, cytokine 

secretion and expression of co-stimulatory molecules important for immunological 

processes that aim to control and clear pathogens (166).  

TLR responses are initiated by ligand-induced multimerization leading to 

recruitment of different primary adaptor molecules. The majority of the adaptor 

molecules contains a TIR domain and this family includes MyD88, TIRAP (Mal), 

TRIF and TRAM. MyD88, the first identified member of the TIR family, is universally 

used by all TLRs except for TLR3 and activates NF-kB and MAPKs to induce 

inflammatory cytokine transcription. By contrast, TRIF is used by both TLR3 and 

TLR4 and induces alternative pathways leading to the activation of the transcription 

factor IRF3 and the consequent induction of type I interferon and inflammatory 

cytokines (166,167).  

 TLRs are subdivided into two main groups, depending on their cellular 

localization and PAMP ligands. One group is localized on the cell surface and 

recognizes mainly microbial membrane components, such as lipids, lipoproteins, and 

glycoproteins. This group consists of TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11. 

The second group of TLRs is found in intracellular vesicles and recognizes microbial 

nucleic acids. Members of this group include TLR3 (dsRNA), TLR7 (ssRNA), TLR8 

(ssRNA) and TLR9 (CpG DNA (Figure 1.9) (167).  
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Figure 1.9 PRRs in KSHV infection 

With permission from Sathish N, and Yuan Y. Journal of Virology Minireview, 2011 

!
1.5.2.1 Nucleic acids sensors 

 Foreign or mislocalized DNA and RNA molecules are potent triggers of type I 

IFN and pro-inflammatory cytokines. Viral DNA recognition can occur in different 

cellular compartments such as the cytosol, endosomes and nucleus. Several DNA 

sensors have been described including IFNγ-inducible (IFI16), cGAMP synthetase 

(cGAS), helicase DDX41, and cytosolic sensor DAI/ZBP1 (168,169).  

IFI16 is distinguished from other known DNA sensors by its ability to shuttle 

between the cytosol and the nucleus (168,170). Although originally shown to sense 

HSV-1 DNA in the cytosol (171), accumulating evidence suggests that IFI16 may 

function primarily in the nucleus (172,173). As early as 2 hours after de novo 

infection of primary endothelial cells, KSHV genomic DNA is evident within IFI16-
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containing nuclear bodies. This phenotype is accompanied by IFI16-dependent 

inflammasome formation and caspase-1-mediated secretion of IL-1β (172).  

TLR9 is an endosomal TLR that can sense virion-associated nucleic acids or 

replication intermediates. TLR9 is mainly expressed in B cells and plasmacytoid 

dendritic cells (pDCs), where it triggers IRF7-dependent activation of type I IFNs, in 

particular IFNα (166). De novo infection of pDCs by KSHV results in induction of 

IFNα and this phenotype is at least partially dependent on TLR9. Although other 

TLR9 ligands have been proposed, unmethylated CpG motifs of double-stranded 

DNA (dsDNA) constitute the best characterized TLR9 agonist. Interestingly, the 

KSHV genome has a normal CpG abundance, suggesting that the viral genome itself 

is not under selective pressure to avoid TLR9 stimulation (reviewed in 174).  

TLR3 senses viral replication intermediates, including dsRNA, leading to 

TRIF-dependent induction of inflammatory cytokines and type I IFN (166). While the 

TLR3 pathway is clearly affected by KSHV, it is not known whether this involves 

direct stimulation of TLR3 by a KSHV PAMP. KSHV infection does not appear to 

upregulate TLR3 expression in lymphatic endothelial cells (LEC) (175). To date, the 

role of TLR3 in KSHV antiviral defense remains unclear.  

RIG-I, a cytosolic RNA sensor, can recognize 5’-triphosphate RNA of both 

RNA and DNA viruses (166) and requires TRIM25-mediated ubiquitination for its 

signaling activity (176). Upon KSHV infection, RIG-I contributes to IFNβ production 

and suppression of viral gene expression (177,178). RNA purified from KSHV-

infected cells undergoing lytic replication is sufficient to activate RIG-I signaling upon 

delivery by transfection (178). Although PAN RNA accounts for ~80% of 

polyadenylated KSHV RNA, it does not appear to play a role in RIG-I activation. 
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Nevertheless, the identity of the RNA PAMP(s) involved in RIG-I activation remains 

unknown (178).The same study demonstrated that expression of ORF64, a 

conserved herpesviral tegument protein, results in reduced TRIM25-dependent 

ubiquitination of RIG-I and IFNβ promoter activity.  

1.5.2.2 Additional sensors with relevance to KSHV 

TLR4 recognizes LPS from bacteria and viral glycoproteins. TLR4 forms a 

complex with MD2 on the cell surface and together they bind to LPS. The 

multimerization of two TLR4-MD2 complexes upon LPS binding initiates signal 

transduction by recruiting intracellular adaptor molecules. The respiratory syncytial 

virus (RSV) F protein is a known trigger of TLR4 and TLR4 has a protective role 

against RSV infection in mice (179) and humans (180). KSHV infection of LECs 

downregulated for TLR4 showed increased levels of LANA message and reduction in 

inflammatory cytokines (TNFα, IL-1β, IL-6) and type I IFN (IFNβ) (175). Although still 

unknown is how KSHV triggers a TLR4-dependent response, there is evidence 

showing that UV-inactivated KSHV retains the ability to induce TLR4 signaling, 

suggesting that one or more glycoproteins may act as agonists (175). In particular, 

treatment of fibroblasts with a purified soluble version of KSHV glycoprotein K8.1 is 

sufficient to induce IFNβ and ISG production (181,182). Therefore, TLR4 appears to 

contribute to innate immunity against KSHV by recognizing glycoproteins on the 

KSHV envelope. The significance of TLR4 in the regulation of KSHV is further 

highlighted by the evidence that vIRF-1 and vGPCR are able to suppress TLR4 

(175). Moreover, KSHV encodes proteins and miRNAs able to block the TLR4 

adaptor proteins MyD88 and TRIF. For example, RTA is able to degrade TRIF, while 

viral miR-K9 downregulates MyD88 and also targets IRAK1, another protein in the 

same pathway.  
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NLRP1 is currently the only NLRP family member implicated in the sensing of 

KSHV (183). It is one of the many cytosolic proteins known to take part in the 

inflammasome complex (184). The major outcome of inflammasome activation is the 

maturation and release of IL-1β and IL18, and induction of pyroptosis (185). 

Inflammasome activation is initiated by the NLRs, in response to a variety of stimuli 

(184). Expression of ORF63, a large tegument protein encoded by KSHV, prevents 

inflammasome formation by blocking the oligomerization of NLRP1 as well as the 

interaction between NLRP1 and pro-caspase-1. Knockdown of NLRP1 results in 

more efficient TPA-induced lytic replication of KSHV in BCBL-1 cells, a PEL cell line 

(183). Thus, inflammasomes appear to be important for curbing lytic replication. 

Future studies are needed to determine how KSHV infection triggers an NLRP1- 

dependent response.  

1.5.3 IFN production and its evasion by KSHV 

Type I IFN and a family of IFN-stimulated genes (ISGs) provide the first line 

of defense against viral infection. Virus-infected cells secrete IFN upon recognition of 

specific PAMPs by PRRs, while activation of TLR pathways (and other pathways) 

leads to activation of a family of transcription factors, called IFN regulatory factors 

(IRFs), which initiate transcription of Type I IFN genes. Secreted IFN binds to the 

type I IFN receptor (IFNAR) triggering ISG expression. KSHV interferes with the IFN 

pathway at different levels, antagonizing both the expression and function of several 

components of the IRF pathway. KSHV encodes four homologs of cellular IRFs 

(vIRFs), which interfere with the activity of specific IRFs (97,117,186). vIRF-1 binds 

to host IRF-1 or CBP/300 to block transcriptional activation. vIRF-2 degrades IRF-3 

via caspase-3 dependent pathway and binds to IRF1. Additionally, vIRF-2 interacts 

with protein kinase R (PKR), inhibiting its antiviral function. vIRF-3 antagonizes IRF-5 
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and IRF-7 via direct inhibitory interactions. vIRF-4 degrades p53, but has no 

apparent activity in antagonizing IFN-mediated signaling. KSHV has additional 

mechanisms to target IRFs: for example, LANA-1 and K-bZIP (K8) bind to the IFN-β 

promoter preventing its induction during latency and virus activation (97,187). 

Another example is ORF45, a conserved tegument protein, which binds to IRF7 

preventing its activation and translocation (182,188-190). 

 

!  
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1.6 Oxidative Stress and Heme Oxygenase 1  

1.6.1 Oxidative stress in viral infection  

 Accumulating evidence has suggested an important role for ROS and 

oxidative stress during viral infection (191). It has been shown that Adenovirus 5 

(Ad5) infection leads to a rapid increase of ROS production after lysosomal rupture 

(192). Additionally, the enterovirus 71 (E71) is also able to induce ROS shortly after 

infection (193). ROS were also found to be induced by several member of the 

herpesvirus family. In particular, HSV-1 entry and replication induces ROS for a long 

period of time after infection, and its induction is dependent on NAPDH oxidase 

activity (194,195). HSV-2 also induces oxidative stress during early stages of 

infection (196). Similarly, EBV promotes ROS production early after infection of B-

cells and epithelial cells (197). Interestingly, KSHV infection of endothelial cells 

sustains induction of ROS at early times post infection and during latency. Several 

studies support the notion that ROS can play a role in tumorigenesis, such as 

through the promotion of metastasis and genome instability. In addition, ROS can 

play and important role in facilitating viral infection. In fact, several studies suggest 

that RNA and DNA viruses use oxidative stress to regulate their life cycle. Indeed, 

treatment with anti-oxidant compounds has been shown to inhibit HSV-1, influenza, 

enteroviruses and HIV replication. Interestingly, antioxidant treatment in endothelial 

cells results in inhibition of KSHV entry. By contrast, induction of oxidative stress can 

lead to reactivation of latently KSHV-infected endothelial cells, suggesting an 

important role of ROS in the regulation of viral gene expression (198).  

Because of the important role of oxidative stress and ROS production during 

KSHV infection and tumorigenesis, these pathways have become attractive targets 

for therapeutic drugs controlling both KSHV infection and KS. 
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1.6.2 Heme oxygenase 1 (HO-1) 

Heme oxygenases (HO) are enzymes involved in the degradation of heme, a 

component of hemoglobin. Interest in these proteins has increased among 

researchers from many disciplines, due to their involvement in several physiological 

and pathological aspects of human biology. HO catalyze the rate-limiting step in the 

oxidative catabolism of heme, in a reaction that generates carbon monoxide (CO), 

ferrous iron, and biliverdin-IXa (BV). BV is then converted into bilirubin-IXa (BR) by 

biliverdin reductase (199). 

Heme is both a substrate and enzyme cofactor for HO. Heme is also a key 

mediator of many vital biological processes including oxygen transport, peroxide 

metabolism, cell signaling, xenobiotic detoxification, and mitochondrial bioenergetics 

(200). Two genetically distinct isozymes of HO have been characterized: an inducible 

form, heme oxygenase-1 (HO-1), and a constitutively expressed form, heme 

oxygenase-2 (HO-2). HO-1 and HO-2 represent the products of distinct genes and 

differ in primary amino acid sequence and biochemical and biophysical properties. 

HO-1 and HO-2 share a highly conserved heme catalytic domain and hydrophobic 

regions at the carboxyl terminus (200). HO-1 is potently upregulated in mammalian 

cells during cellular stress and is strongly-expressed in several cancers (201). The 

protein typically localizes to the smooth endoplasmic reticulum (ER), although recent 

evidence suggests an association with other intracellular membranes, including the 

inner mitochondrial membrane and plasma membrane caveolae (201,202). HO-1 

has also been found in the nucleus, although its functional activity in this 

compartment is incompletely understood. 
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The gene that encodes HO-1 (HMOX1 in humans) is highly transcriptionally 

regulated by stress stimuli. In addition to heme, oxidizing stressors such as UV-A 

radiation, hydrogen peroxide and redox compounds are powerful HO-1 inducers. 

Furthermore, HO-1 can be induced by a multiplicity of chemical and physical agents 

including fluctuation in oxygen tension, nitric oxide, heavy metals, and cytokines 

(201,202). 

Figure 1.10 Heme degradation 

With permission from Ryter SW and Choi MK. Translational Research, 2015. 
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1.6.2.1 Regulation of HO-1 expression 

HO-1 transcriptional expression has been extensively studied. Studies of the 

mouse Hmox1 gene promoter have revealed 2 major regulatory enhancer regions 

located at -4 and -10 Kb upstream of the transcriptional start site. Both enhancer 

regions contain tandem repeats of the stress-responsive element (StRE) motif, also 

known as the antioxidant responsive element (ARE) (201,202). 

 Hmox1 transcription is strictly regulated by two proteins: NRF2 and BACH1 

(203). The nuclear factor erythroid 2-related factor 2 (NRF2) recognizes and binds to 

StRE motifs and represents the major transcriptional activator of Hmox1. Under 

basal condition, NRF2 is retained in the cytoplasm by the Keap1, which inhibits its 

transcriptional activity. Keap1 facilitates the ubiquitination of NRF2 by the Cullin 3-

based E3 ubiquitin ligase complex, which marks NRF2 for proteosomal degradation. 

When cells are under stress, such as in the presence of heme or pro-oxidants, NRF2 

dissociates from Keap1 and translocates to the nucleus where it binds to small Maf 

proteins and to the Hmox1 promoter, resulting in gene transcription (204). BACH1 

has been identified as the main transcriptional repressor of Hmox1. Under basal 

condition, BACH1 forms a complex with small Maf proteins and competes with NRF2 

for binding at the StRE. When heme is present in the cell it can bind to BACH1, 

disrupting its interaction with the DNA and promoting its nuclear export (205).  

 Emerging studies suggest a critical role for miRNAs in the regulation of HO-1 

gene expression. In particular, hsa-miR-155 targets Bach1 mRNA for its degradation, 

promoting hmox1 gene transcription (155). Other miRNAs indirectly target NRF2, for 

example by downregulating the expression of the E3 ubiquitin ligase involved in the 

degradation of NRF2.  

HO-1 belongs to a larger family of stress-inducible proteins whose 

transcriptional regulation is also related to adverse environmental conditions. Of the 
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known mammalian stress protein families, the expression of the heat shock proteins 

(HSPs) constitutes a global cellular response to protein denaturation associated with 

hyperthermia (206). HO-1 is sometimes been classified as a heat shock protein 

(Hsp32) due to its transcriptional responsiveness to hyperthermia; this response is 

however largely restricted to rodent systems (207,208).  

 Accumulating evidence indicates that many inducers of HO-1 activate protein 

phosphorylation-dependent signaling cascades that ultimately converge on the 

transcription factors that regulate the Hmox1 gene. Several studies have implicated a 

major role for the mitogen activated protein kinases (MAPKs) in HO-1 activation, 

although other kinases, including tyrosine kinases, phosphatidylinositol 3-kinase 

(PI3K) and protein kinases A, G, and C have emerged as potential contributing 

factors. The MAPK superfamily comprises three primary signaling cascades named 

after their terminal MAPKs: the extracellular signal regulated kinases (ERK1/2 

pathway), the c-Jun NH2 -terminal kinases or stress-activated kinases (JNK/SAPK), 

and the p38 MAPKs. Each pathway consists of a hierarchy of kinases that 

sequentially phosphorylate and activate their downstream target kinases. A number 

of studies have focused on the resolution of MAPK pathways in the activation of 

hmox-1 in diverse cell types in response to various inducing conditions, supporting a 

role for the MAPK cascades in inducible hmox-1 gene activation (201,202,209). 

 

1.6.2.2 Role of HO-1 in cancer 

HO-1 is highly induced in several cancers, including lymphosarcoma, 

prostate cancer, brain cancer, adenocarcinoma, hepatoma, squamous carcinoma, 

glioblastoma, melanoma, pancreatic cancer and Kaposi sarcoma. HO-1 induction in 

cancer cells has been shown to contribute to tumor progression by promoting cell 
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proliferation, cytoprotection, resistance to cancer therapy and angiogenesis 

(202,210,211).   

 HO-1 is induced by many stress-inducing factors and its expression confers 

protection from oxidative damage and reduces the rate of apoptosis. Cytoprotective 

and anti-apoptotic properties of HO-1 have been demonstrated in cancer cells as 

well as in knockout mice: pharmacological or exogenous expression of HO-1 

significantly increases survival of different tumor cell lines, whereas HO-1 inhibition 

reduces their viability (209). 

Mechanisms of HO-1-derived cytoprotection in tumor cells are still not fully 

understood but a likely explanation involves the cytoprotective activity of the HO-1 

metabolites: bilirubin, CO, and ferrous iron.  

 

Figure 1.11 Heme catabolism 

With permission from Ryter SW and Choi AMK. Translational Research, 2015. 

 

Biliverdin and Bilirubin Biliverdin (BV) and bilirubin (BR) are both considered anti-

oxidants: BR effectively quenches singlet molecular oxygen (1O2) in organic solvents 

(212), while both BV and BR can react with enzymatically generated O2
-, resulting in 

bleaching of pigments (213). By contrast, high concentration of unconjugated BR can 



! 50!

be toxic to cells; thus, its expression is tightly regulated by HO-1.  

 

Carbon monoxide Recent studies have revealed that CO has profound 

consequences on intracellular signaling processes, which culminate in anti-

inflammatory, anti-proliferative, anti-apoptotic, and anti-coagulative effects. CO not 

only blocks mitochondrial cytochrome c release, the crucial event in induction of 

apoptosis, but also inhibits expression of pro-apoptotic p53 (214). Exogenous CO 

can increase the viability of multiple cell types, including endothelial cells (215). CO 

also modulates the activation of several MAPKs, which represent crucial mediators 

of both inflammatory and stress responses. These include p38 MAPK, c-Jun NH2 -

terminal kinase, and ERK1/2, although the proximal targets remain unclear (209). 

The anti-inflammatory effect of CO, as demonstrated in LPS-stimulated 

macrophages, requires activation of the p38-MAPK pathway and may also require 

the inhibition of TLR4 and NADPH oxidase–dependent signaling. The discovery of 

novel compounds, termed “carbon monoxide releasing molecules (CORMs)”, have 

provided further mechanistic insight into the role of CO in biological systems (216). 

CORMs are transition metal carbonyls with the capacity to release CO. These 

compounds contain a central metal (i.e., Mn, Bo, Ru, Fe) that is coordinated by 

carbonyl groups. CORM-2, or [Ru(CO)3Cl2]2, can release CO in organic solvent, 

depending on ligand displacement by the solvent (i.e., DMSO) (202,209). 

 

Iron Iron that exists in biological systems independently of heme and/or 

metalloprotein pools resides in complexes with low-molecular-weight organic 

compounds. This iron appears in a loosely bound form accessible to metal chelating 

agents (217). The iron released from heme by HO activity potentially becomes part 

of the transient and “chelatable” iron pool, where it may be available for cellular 
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processes that depend on iron. One hypothesis states that the iron released from HO 

activity is transiently available for the promotion of intracellular ROS production 

(210). Ferritin has also been implicated as a cytoprotective molecule in a number of 

in vitro models. Thus, ferritin synthesized as a consequence of HO activity has been 

proposed as a contributory mechanism underlying HO-dependent cytoprotection 

(218). 

 

1.6.2.3 Therapeutic strategies against HO-1 activity 

 The application of HO-1 activity inhibitors was first proposed as a clinical 

therapy for neonatal jaundice. More recently, they have been used for the treatment 

of other diseases, such as prostate cancer. First generation competitive inhibitors of 

HO-1 are represented by synthetic metalloporphyrins, e.g., heavy metal chelates of 

protoporphyrins, mesoporphoryins and deuteroporphyrins. Of these, stannate 

mesoporphyrin (SnMP) was described as the most potent HO inhibitor (202). Despite 

their potency, the disadvantage of metalloporphyrins is the lack of isoform selectivity. 

Additionally, off-target effects have been reported in some settings, such as induction 

of Hmox1 gene transcription, inhibition of iNOS and phototoxicity. Several clinical 

trials using metalloporphyrins showed their efficacy in reducing bilirubin in neonates, 

however phototoxicity (erythema) was reported as a concern. 

 The imidazole-dioxolanes represent a second generation of HO activity 

inhibitors (219). The first in this class of compound is azalanstat (QC-1). Additional 

derivatives of this molecule have been shown to inhibit HO activity; QC-15 in 

particular demonstrated high selectivity for HO-1 (220). Another small-molecule 

inhibitor of HO-1, OB-24, (221), is a competitive and reversible inhibitor that 

selectively inhibits HO-1 but not HO-2 and prevents the growth and metastasis of 
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prostate cancer in a preclinical xenograft model (209).  

 Recent studies have explored the possibility of targeting HO-1 by using 

retroviral expression of miRNAs (222). An example is represented by the use of 

lentiviral vectors expressing miRNAs against HO-1 in the lungs of mice, resulting in 

enhanced susceptibility to oxidant stress and apoptosis (223).  

 

1.6.3 HO-1 and infection 

Up-regulation of HO-1 has been recognized in the context of several 

pathogens. Infections by influenza virus (224), encephalomyocarditis virus (225), 

Listeria monocytogenes (226), and Rickettsia rickettsia (227) all result in significant 

upregulation of HO-1, suggesting that this enzyme may participate in cellular 

responses to several intracellular pathogens. Interestingly, recent studies have also 

demonstrated significant antiviral properties of HO-1. Specifically, upregulation of 

HO-1 was shown to suppress infection of enterovirus, HCV, HBV, and human 

immunodeficiency virus (HIV), while protecting infected tissues from virus-induced 

oxidative injury (228). Another study showed that HO-1 activity significantly 

attenuates Ebola virus (EBOV) EBOV infection, indicating that, similarly to the other 

RNA viruses mentioned above, EBOV is also sensitive to the antiviral properties of 

HO-1 (229). Collectively, these studies suggest that HO-1 can play different roles in 

the context of specific pathogen infection. 

 

1.6.4 HO-1 and KSHV 

Dr. Ashlee Moses’ research group was the first to report HO-1 induction in 

KSHV-infected endothelial cells, both in vitro and in KS biopsy tissue (153). The 

group demonstrated that HO-1 activity in KSHV-infected endothelial cells resulted in 
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increased cell proliferation, following exposure to free heme. By contrast, uninfected 

cells grown under the same heme-rich conditions, did not exhibit a proliferative 

response. Interestingly, these proliferative advantages were reversed in the 

presence of an HO-1 activity inhibitor (CrMP), suggesting HO-1 as a potential cellular 

therapeutic target for KS (153). There is evidence that KS lesions have locally 

elevated concentrations of hemoglobin and free heme and therefore are rich in 

substrate for HO-1. KS endothelial cells, like other neoplastic endothelial cells, have 

leaky junctions allowing the extravasation of a large number of erythrocytes from the 

blood vessels into the surrounding tissue (230-233). Erythrophagocytosis by KS cells 

is also a common feature (231).  Many spindle cells contain engulfed erythrocytes 

(erythrophagosomes) surrounded by lysosomal granules. These erythrophagosomes 

show various stages of degradation leading to the expulsion of hemoglobin and dead 

red blood cells (RBCs). With KS progression, there is an accumulation of hyaline 

globules in the tissue, and histologic staining has revealed that these are the 

remnants of degenerated erythrocytes (233). Because of the heme-rich 

microenvironment KS develops in, it is conceivable that upregulation of HO-1 by 

KSHV infection could confer a selective growth and/or survival advantage to the 

spindle cells. The availability of potent inhibitors of HO-1 in clinical use elsewhere 

(202),(209) makes this enzyme a potentially important treatment target in KS. 
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1.7 Concluding remarks 

As discussed above, KS is one of the cancers in which HO-1 is highly 

expressed. KSHV infection is itself a potent inducer of HO-1 in target endothelial 

cells, and evidence supports a role for HO-1 in the development of KS (153). In this 

thesis, I determine the mechanisms through which KSHV induces HO-1 (Chapter 2) 

and provide evidence that HO-1 is important not only for viral oncogenesis but also 

for antagonizing the host antiviral response to facilitate a successful viral infection 

(Chapter 3). Collectively, these studies characterize for the first time the complex 

relationship between KSHV and its host regarding HO-1 expression and function, 

and validate the proposal that HO-1 be considered a viable therapeutic target for KS.  
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2.1 Abstract 

KSHV infection of EC is associated with strong induction of heme oxygenase-

1 (HO-1), a stress-inducible host gene that encodes the rate-limiting enzyme 

responsible for heme catabolism. Kaposi sarcoma (KS) is an angioproliferative tumor 

characterized by the proliferation of KSHV-infected spindle cells, and HO-1 is highly 

expressed in such cells. HO-1 converts the pro-oxidant, pro-inflammatory heme 

molecule into metabolites with anti-oxidant, anti-inflammatory and proliferative 

activity. Published work has shown that KSHV-infected EC in vitro proliferate in 

response to free heme in a HO-1-dependent manner, thus implicating virus-

enhanced HO-1 activity in KS tumorigenesis. The current study investigates the 

molecular mechanisms underlying KSHV induction of HO-1 in lymphatic EC (LEC), 

which are the likely spindle cell precursors. In a time course analysis of KSHV-

infected cells, HO-1 expression displays biphasic kinetics characterized by an early 

transient induction that is followed by a more sustained upregulation co-incident with 

the establishment of viral latency. A KSHV mutant deleted for the viral microRNA 

miR-K12-11 was found to be defective for induction of HO-1 during latency. A 

potential mechanism for this phenotype was provided by BACH1, a cellular HO-1 

transcriptional repressor targeted by miR-K12-11. In fact, in KSHV-infected LEC, 

BACH1 message is reduced, BACH1 subcellular localization is altered, and miR-

K12-11 mediates the inverse regulation of HO-1 and BACH1 during viral latency. 

Interestingly, the data indicate that neither miR-K12-11 nor de novo KSHV gene 

expression are required for the burst of HO-1 expression observed at early times 

post-infection, which suggests that additional virion components promote this 

phenotype. 
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2.2 Importance 

While the mechanisms underlying KSHV induction of HO-1 remain unknown, 

the cellular mechanisms that regulate HO-1 expression have been extensively 

investigated in the context of basal and pathophysiological states. The detoxifying 

action of HO-1 is critical for the protection of cells exposed to high heme levels. KS 

spindle cells are erythrophagocytic and contain erythrocyte ghosts. Erythrocyte 

degeneration leads to the localized release of heme, creating oxidative stress that 

may be further exacerbated by environmental or other co-factors. Our previous work 

showed that KSHV-infected cells proliferate in response to heme, and that this 

occurs in a HO-1-dependent manner. We therefore hypothesize that KSHV induction 

of HO-1 contributes to KS tumor development via heme metabolism and propose 

that HO-1 be evaluated as a therapeutic target for KS. Our current work, which aims 

to understand the mechanisms whereby KSHV induces HO-1, will be important for 

the design and implementation of such a strategy.  

2.3 Introduction 

Kaposi sarcoma herpesvirus (KSHV, also HHV-8), an oncogenic γ-2-

herpesvirus, is the etiologic agent of the multifocal endothelial tumor known as 

Kaposi sarcoma (KS). KSHV infection can also result in primary effusion lymphoma 

(PEL), an aggressive non-Hodgkin B cell lymphoma, or multicentric Castleman 

disease (MCD), a systemic lymphoproliferative disorder (9,52). KSHV establishes 

persistent viral infection in endothelial and B cell targets by actively suppressing 

apoptosis, and by escaping immune detection through various immune evasion 

strategies (19). These survival mechanisms are thought to contribute to host cell 

transformation and tumor development. We previously showed that de novo KSHV 

infection of human dermal microvascular endothelial cells (DMVEC) leads to 
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upregulation of cellular heme oxygenase-1 (HO-1), a phenotype that is validated by 

the robust HO-1 expression observed in spindle cells in KS biopsies (153,234). 

Two functional HO isoforms have been identified, including the stress-inducible HO-1 

and the constitutive HO-2. The HO-1 enzyme catabolizes heme into carbon 

monoxide, ferrous iron and biliverdin. Regarding expression kinetics, HO-1 shows 

ubiquitous tissue distribution, and is rapidly and strongly induced in response to 

various cellular stresses (235,236). HO-1 is also highly expressed in several types of 

cancer. In the tumor setting, HO-1 is thought to contribute to cytoprotection, 

proliferation and angiogenesis via the conversion of pro-oxidant, cytotoxic heme into 

metabolites with antioxidant, pro-angiogenic, anti-apoptotic, and anti-inflammatory 

activity (237-240). Our previous work demonstrated that KSHV-infected DMVEC 

proliferate in response to low-dose heme and are protected from high-heme toxicity. 

We further showed that the proliferative and survival advantages of KSHV-infected 

EC were neutralized when HO-1 enzymatic activity was inhibited (153), suggesting 

an important role for the enzyme in KS pathophysiology. Despite an extensive body 

of literature describing the cellular regulation of HO-1 expression under both normal 

and pathological states (202,241,242), the mechanism(s) of HO-1 induction by KSHV 

remains to be defined.  

MicroRNAs (miRNA) are small non-coding RNA molecules that regulate gene 

expression post-transcriptionally. miRNAs are encoded by both animal and plant 

cells as well as by the viruses that infect them (132). Within the KSHV latency-

associated region (KLAR) is encoded a set of viral proteins critical for the 

maintenance of the viral episome and for KSHV oncogenesis (143). Also encoded 

within the KLAR is a set of 12 miRNAs. Among these, miR-K12-11 is known to target 

the mRNA encoding the HO-1 transcriptional repressor BACH1 (147,148) . BACH1 is 

a transcriptional repressor of genes such as HO-1 that participate in the NRF2-
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dependent oxidative stress pathway (243). Under normal physiological conditions, 

NRF2 is prevented from entering the nucleus and activating transcription. However, 

under conditions of oxidative stress, NRF2 enters the nucleus and binds to the 

antioxidant response elements (ARE) found upstream of over 200 anti-oxidant and 

cytoprotective genes (244), thereby activating their transcription. 

For a subset of these genes, BACH1 functions to counter NRF2 activation; 

under non-stress conditions, BACH1 binds to ARE, repressing transcription of their 

associated genes. Interestingly, BACH1 is a heme-binding protein, allowing it to 

function as a heme sensor. Thus, above a toxic heme concentration, heme binds to 

BACH1 and causes BACH1 to disengage from the ARE, thereby alleviating HO-1 

repression and allowing heme degradation (245,246). BACH1 is then exported from 

the nucleus and degraded within the cytoplasm (205). Targeting of the BACH1 

mRNA by miR-K12-11 thus enables KSHV to lower BACH1 levels thereby 

deregulating oxidative stress pathways and facilitating infected cell survival. Notably, 

miR-K12-11 exhibits high homology with cellular miR-155, which is also known to 

regulate BACH1. Cellular miR-155 is observed to be overexpressed in several types 

of B-cell lymphoma, and its ectopic expression in mice causes B-cell malignancies 

(247). Because cellular miR-155 and viral miR-K12-11 contain the same seed 

sequence (nucleotides 2–7 of the miRNA) required for their interaction with mRNAs, 

the two miRNAs share many targets, including BACH1 (147,148,155). Interestingly, 

miR-155 levels are not altered by KSHV infection, which suggests that miR-K12-11 

functions in part by disrupting regulation of host genes that are normally controlled by 

miR-155 (155). Several reports have described miR-K12-11 activity and function in 

both ectopic expression and non-endothelial in vitro infection systems (147,148). 

Additionally, miR-K12-11 has been shown to upregulate expression of xCT, an 

amino acid transport protein subunit encoded by another ARE-containing gene, in 
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endothelial cells, thereby protecting them from oxidative stress (248). However, the 

potential influence of miR-K12-11 on HO-1 during de novo infection of EC has yet to 

be investigated.  

In the present study, we explore the mechanisms whereby KSHV upregulates 

HO-1 in lymphatic endothelial cells (LEC) at both early times post-infection and 

following the establishment of viral latency. We demonstrate that miR-K12-11 is one 

of the viral components responsible for HO-1 upregulation during latency, and that 

HO-1 is transiently upregulated during the early phase of de novo infection via a 

mechanism that is independent of miR-K12-11 activity. We further show that miR-

K12-11-targeting of the mRNA encoding the HO-1 transcriptional repressor BACH1 

contributes to HO-1 induction during latency. 

 

2.4 Results 

2.4.1 KSHV infection modulates HO-1 expression in LEC in a biphasic manner 

We previously reported the upregulation of HO-1 expression in both primary 

and immortalized DMVEC latently infected with wild type KSHV (153,234). Using a 

recently-developed KSHV bacterial artificial chromosome (BAC) system (KSHV-

BAC16), we have confirmed the robust induction of HO-1 in LEC infected with BAC-

derived recombinant KSHV (249). Considering both the recent recognition that 

lymphatic EC are the likely precursors of KS spindle cells and reports that KSHV 

induces lymphatic reprogramming of blood vascular EC (250), we decided to perform 

mechanistic studies with recombinant KSHV in lymphatic-lineage EC. We elected to 

use immortalized LEC (iLEC) for the majority of these studies because, like 

immortalized DMVEC, KSHV-infected iLEC can be maintained in vitro for the 

extended periods that are required for the establishment of viral latency. To initiate 
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these mechanistic studies, iLEC were infected with wild type, BAC-derived KSHV 

(BAC16-WT) and cultured for 6 days to allow for establishment of latency. Cells were 

fixed, immuno-stained for both the viral latency protein LANA-1 (LANA) and HO-1, 

and then evaluated using deconvolution microscopy (Figure 2.1A). Control cells 

expressed low basal levels of HO-1, with sporadic cells expressing slightly higher 

amounts. In contrast, infected cells, which were identified by LANA and GFP 

positivity, consistently expressed significantly higher levels of HO-1. In both mock 

and infected cells, HO-1 was predominantly localized to the cytoplasm, reflecting its 

well-characterized ER localization. Importantly, this pattern was also observed in 

mock and KSHV-infected primary LEC (Figure 2.2A). To determine the kinetics of 

HO-1 expression in infected iLEC, we performed a time-course experiment 

measuring HO-1 mRNA (Figure 2.1B) and protein (Figure 2.1C) levels at sequential 

times post-infection. Using reverse transcription quantitative PCR (qPCR), we 

observed induction of HO-1 mRNA as early as 4 hours post-infection (hpi). This early 

burst of expression was followed by a decline to basal levels by 24 hpi. 

Subsequently, coincident with the establishment of latency, HO-1 was re-induced, 

reaching a sustained phase of expression by 3 days post-infection (dpi) that 

persisted with time (Figure 2.1B). HO-1 protein levels followed similar bi-phasic 

kinetics, with an early peak of expression at 6-8 hpi and sustained expression during 

latency (3-21 dpi). Parallel-extended time course experiments using uninfected cells 

confirmed that long-term culture of iLEC had no impact on HO-1 expression (Figure 

2.2B). Thus, data from these experiments confirm that, similar to what we have 

previously described in both primary and transformed DMVEC (153), HO-1 is 

induced during KSHV latency. In addition, we now show that KSHV also alters HO-1 

expression during the initial stages of de novo infection.  
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Our observation that the initial peak of HO-1 expression occurs within 4 hours 

of virus exposure suggests that early HO-1 induction is independent of viral gene 

expression. Instead, HO-1 expression is likely to be triggered by component(s) of the 

virus particle. To test this hypothesis, a time course experiment was performed in 

which iLEC were infected with either live or UV-inactivated BAC-derived KSHV. 

Samples were harvested at early times post-infection and then tested for both HO-1 

mRNA (Figure 2.1D) and protein levels (Figure 2.1E). The efficacy of UV-inactivation 

was confirmed by our inability to detect both latent (LANA) and lytic (ORF59) viral 

transcripts from cells infected with UV-treated viral preparations (Figure 2.3A). This 

finding was further corroborated by the lack of KSHV gene expression and the 

absence of HO-1 induction by UV-inactivated KSHV at later times post-infection 

(Figure 2.3B). Interestingly, at early times post-infection (0-24 hours), both live and 

UV-inactivated KSHV induced HO-1 to equivalent levels and with similar kinetics, 

indicating that de novo expression of viral genes is not required for the early peak of 

HO-1 expression. These experiments suggest that one or more components of the 

viral particle itself are responsible for the early transient expression of HO-1. 
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Figure 2.1. KSHV infection induces a biphasic induction of HO-1 in LEC. A. IFA of mock and 

KSHV-infected iLEC 6 dpi. Top panels: LANA (red), HO-1 (green), and DAPI (blue). Bottom panels: 

GFP (greyscale, same cells as shown in top panels). Left panels correspond to mock-infected cells, and 

the right panels correspond to KSHV-infected cells. Images were captured at 60X magnification (scale 

bar = 30µm). B. qPCR showing mRNA levels for HO-1 in KSHV infected iLEC at various times post-

infection. Message levels are normalized to GAPDH, and fold change is calculated relative to mock 

samples at each timepoint (n=3). C. A western blot showing HO-1 protein levels in KSHV infected iLEC 

at various times post-infection. GAPDH was used as loading control. D. qPCR for HO-1 mRNA levels in 

iLEC infected with either live or UV-inactivated KSHV. Cells were collected for analysis at the indicated 

times post-infection (n=3). E. A western blot showing HO-1 protein levels in iLEC infected with either 

live or UV-inactivated KSHV. Cells were collected at the indicated times post-infection. GAPDH was 

used as loading control.  
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Figure 2.2: A. IFA showing HO-1 expression in KSHV-infected primary LEC (pLEC) at 6dpi. Mock-

infected pLEC are shown in the left panel; KSHV-infected pLEC infected are shown in the right panel. 

HO-1 expression is shown in green, KSHV LANA in red and DAPI nuclear stain in blue. B. Western blot 

showing HO-1 levels in a time course of infection after the establishment of stable latency. Mock and 

KSHV-infected cells cultured for 3dpi, and for extended times (7dpi and 21dpi) are shown. 
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Figure 2.3 : Demonstration of the efficacy of UV inactivation of KSHV. A. pPCR for both latent and lytic 

viral transcripts (LANA and ORF59, respectively) in iLEC infected with live or UV-inactivated virus at the 

indicated times post-infection. B. Detection of the viral KapA message by qPCR in iLEC infected with 

live or UV-inactivated virus at the indicated times post-infection. HO-1 mRNA levels iLEC infected with 

either live or UV-infected virus at the indicated times post-infection. HO-1 levels are normalized to 

GAPDH. 
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2.4.2 KSHV miR-K12-11 contributes to HO-1 induction during latent infection of 

LEC 

It was recently reported that exogenous expression of KSHV-encoded miR-K12-11 

was sufficient to induce HO-1 protein expression in 293 cells, and that BACH1 levels 

were concomitantly reduced (251). In order to determine if miR-K12-11 influenced 

HO-1 levels in the context of de novo KSHV infection of LEC, we made use of a 

BAC16-derived KSHV mutant that no longer expressed a functional miR-K12-11 

(generously provided by Dr. Rolf Renne, University of Florida, Gainesville, FL). This 

mutant was generated by deleting one arm of the pre-miRNA, which prevents 

maturation to the active miRNA (252). For these experiments, iLEC were infected 

with WT or mutant viruses lacking either miRNA-K12-11 or miRNA-K12-1 (included 

as a control mutant virus; also provided by Dr. Renne), and then cultured for 6 days 

to allow for establishment of stable latency. Proper expression of miR-K12-11 in WT-

infected cells was confirmed by stem-loop qPCR (Table 2.1). Compared to iLEC 

infected with either WT or the control mutant (ΔK12-1), we observed significantly 

lower levels of HO-1 mRNA and protein (Figures 2.4A and 2.4B) in iLEC infected 

with the ΔK12-11 mutant. Although HO-1 expression in ΔK12-11-infected cells was 

substantially reduced, some induction above basal levels in mock-infected cells was 

observed, indicating that KSHV induction of HO-1 during latency is not exclusively 

regulated by miR-K12-11. Flow cytometric analysis (Figure 2.4C) of KSHV-infected 

(GFP-positive) iLEC confirmed the reduced HO-1 levels in cells infected with the 

∆K12-11 mutant. Similarly, IFA (Figure 2.4D) demonstrated a clear decrease in 

cytoplasmic HO-1 expression in ∆K12-11-infected cells. In summary, these 

experiments support a key role for miR-K12-11 in HO-1 induction during latent KSHV 

infection of LEC. At the same time, our data show that additional viral and/or cellular 
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factors contribute to maximal HO-1 expression in latently-infected cells. Since miR-

K12-11 is a viral ortholog of miR-155, we also considered the possibility that KSHV 

infection could influence expression of miR-155 in LEC. In keeping with a published 

study in B cells however (155), expression of miR-155 in LEC was unaffected by 

KSHV infection (Figure 2.5). 

 

Figure 2.4. The KSHV-∆K12-11 mutant induces reduced levels of HO-1 in latently infected LEC. 

Time course experiments showing HO-1 protein and mRNA levels at 6 dpi in iLEC infected with either 

KSHV WT, ∆K12-11 mutant, or ∆K12-1 mutant (as control) viruses (n=3). A. qPCR results. n.s.= not 

significant, ** = p-value ≤ 0.01. A one-way ANOVA test was used for statistical analysis. B. Western blot 

analysis. GAPDH was used as a loading control. C. IFA images. Top panels: HO-1 (green), LANA (red), 

DAPI (blue). Bottom panels: GFP in greyscale (same cells as shown in top panels). Images were 

captured at 60X magnification (scale bar= 30µm). D. Flow cytometric analysis of infected cells gated on 

GFP. 
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Figure 2.5: miR-155 is not perturbed in KSHV-infected iLEC. Stem-loop qPCR for mir-155 in mock 

(dark grey) and WT infected iLEC (light grey) at 6dpi.  

 

 

Table 2.1: Stem-Loop qPCR for miR-K12-11 levels in infected iLEC 6dpi. iLEC were infected with either 

WT or ΔK12-11 viruses and then incubated for 6 days, at which time cells were harvested and RNA was 

isolated. Data are normalized to levels of cellular miR-16. miRNA levels are expressed as the mean ± 

SEM (n=3). N.D.: not detectable levels. 

 

  



! 69!

2.4.3 Exogenous miR-K12-11 restores HO-1 expression in KSHV-ΔK12-11 

infected LEC 

To provide further support for the hypothesis that miR-K12-11 plays a role in 

HO-1 induction during latent KSHV infection of LEC, a miR-K12-11 mimic was tested 

for its ability to complement the HO-1 induction defect observed for the ΔK12-11 

mutant virus. This was accomplished by infecting iLEC with either WT or ΔK12-11 

viruses for 6 days, transfecting the cells with 100ng of either a negative control 

miRNA or a miR-K12-11 mimic, and then testing for levels of both HO-1 and miR-

K12-11 at 24hpi. Confirming the results shown in Figure 2.2, in cells infected with the 

ΔK12-11 mutant and then transfected with the control miRNA, levels of HO-1 

message (Figure 2.6A) and protein (Figure 2.6B) were 3-4 fold lower than those in 

similarly transfected cells infected with the WT virus. Conversely, in the presence of 

the miR-K12-11 mimic, HO-1 levels in ΔK12-11-infected cells were restored to levels 

approaching those seen in cells infected with WT virus. Transfection of mock-

infected cells with the miR-K12-11 mimic was sufficient to induce HO-1 message and 

protein (Figure 2.6A and 2.6B), which demonstrates that the KSHV miRNA alone is 

able to induce HO-1 expression. Results from stem loop qPCR (Figure 2.6C) 

confirmed that the expression levels of miR-K12-11 in transfected cells were 

comparable to those in cells infected with WT virus. 
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Figure 2.6. Exogenous expression of miR-K12-11 partially restores HO-1 induction in ΔK12-11-

infected LEC.  

iLEC were sequentially infected with KSHV WT or ΔK12-11 viruses for 6 days, transfected with a miR-

K12-11 mimic, and then incubated for another 24 hours. Samples were then harvested and prepared for 

various HO-1 assays. A. qPCR analysis. For each sample, the data is normalized to GAPDH, and then 

fold change is determined relative to the mock sample (n=3). n.s.= not significant; ***=p-value≤0.0001, 

*= p-value≤0.05. A one-way ANOVA test was used for statistical analysis. B. Western blot showing HO-

1 protein levels. GAPDH was used as a loading control. C. Demonstration of miR-K12-11 levels as 

determined by stem-loop qPCR. miR-K12-11 levels are normalized to expression of the internal control 

miR-16 (n=3). 
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2.4.4 The HO-1 transcriptional repressor BACH1 is downregulated and 

redistributed in KSHV-infected LEC.   

 

As discussed above, the function of BACH1 is influenced both by its 

abundance and its sub-cellular localization. It has been previously shown that 

BACH1 protein levels are low in the stably KSHV-infected PEL cell line BCBL-1, and 

that miR-K12-11 plays a role in this phenotype (253). However, since BACH1 levels 

have not been examined in the context of a de novo KSHV infection in endothelial 

cells, we investigated BACH1 expression in LEC at 6 days post-infection with either 

WT or ∆K12-11 mutant viruses. While WT-infected iLEC expressed significantly less 

BACH1 mRNA (Figure 2.7A) and protein (Figure 2.7B) than mock-infected cells, 

BACH1 levels were not significantly reduced in cells infected with the ∆K12-11 

mutant. Interestingly, IFA revealed that in KSHV-infected cells BACH1 was 

consistently redistributed to the cytoplasm, and that this redistribution occurred even 

in the absence of miR-K12-11 (Figure 2.7C). Thus, our data indicate that de novo 

KSHV infection of LEC results in a decrease of total BACH1 protein, dependent on 

miR-K12-11, and in its redistribution to the cytoplasm, which appears to be miR-K12-

11 independent. The identity of the other viral and/or cellular components that are 

responsible for BACH1 relocalization is currently under investigation. 

To further examine the contribution that BACH1 makes towards the 

downregulation of HO-1 in the context of KSHV infection, we next asked if ectopic 

BACH1 expression could overcome KSHV-induced HO-1 induction in infected iLEC. 

For these studies, we expressed BACH1 from the adenoviral vector pAdTET7 (254). 

Expression of BACH1 from the adenoviral vector AdBACH1 was verified by IFA of 

transduced iLEC (Figure 2.8). In subsequent studies, latently infected iLEC were 

transduced with AdBACH1 or with the transactivator only (Trans, as control), and 
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then HO-1 levels were examined 1 day later. In cells not infected with KSHV, 

adenoviral expression of BACH1 reduced basal HO-1 protein levels below the limit of 

detection (Figure 2.7E), while mRNA levels could not be further reduced below the 

existing detection threshold (Figure 2.7D). In KSHV-infected cells, the high levels of 

HO-1 message and protein that we typically observe were significantly reduced by 

BACH1 overexpression. Thus, our data shows that ectopic expression of BACH1 can 

effectively overcome KSHV-dependent HO-1 induction.  
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Figure 2.7. BACH1 levels and sub-cellular location are altered in KSHV infected LEC.  

A-C. iLEC were infected with either mock, WT or ∆K12-11 viruses, samples were harvested at 6 dpi, 

and then BACH1 levels were determined. A. qPCR analysis. The raw data for each sample was first 

normalized to GAPDH. The normalized data was then compared to the mock sample in order to 

determine fold change (n=6). n.s.= not significant; *= p-value ≤ 0.05. Significance was determined using 

a Kruskal-Wallis test. B. BACH1 western blot. GFP expressed by the virus is used as marker of 

infection; GAPDH is used as a loading control. C. IFA images. Top row: DAPI (blue), BACH1 (green); 

Bottom row: BACH1 (green) and LANA (red). Labels at the top of each panel correspond to the virus 

used. Images were recorded at 60X magnification; scale bar = 30µm. D-E. iLEC were first infected with 

WT virus for 6 days and then transduced with either Trans (control) or both Trans and AdBACH1. Cells 

were harvested after a further 24hr incubation, and samples were prepared for either qPCR or WB 

(n=3). D. qPCR analysis of HO-1 levels. n.s.= not significant; ***= p-value ≤ 0.001; **= p-value≤0.01. 

Significance was assessed using a One-way ANOVA test. E. WB showing exogenous BACH1 (FLAG) 

and endogenous HO-1 protein levels. GAPDH is used as a loading control.  

 

Figure 2.8: IFA analysis of exogenous BACH1 expression in iLEC. iLEC were transduced with Trans 

only (control) or both Trans and AdBACH1 and then incubated for 24 hrs. Panels A-D: Total 

(endogenous and exogenous) BACH1 levels (red) were detected using an anti-BACH1 antibody. 

Bottom panels C and D show the DAPI (nuclei) BACH1 overlay staining. Panels E-H: Exogenous 

BACH1::FLAG levels (red), were detected using an anti-FLAG antibody. Panels G and H show the 

DAPI and FLAG overlay.  
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2.4.5 KSHV induces HO-1 in LEC at early times post infection in a miRNA-

independent manner 

Figure 2.1 shows that that as early as 4hpi, KSHV transiently induces HO-1, 

and that this induction does not depend upon de novo viral gene expression. A 

previous study has shown that KSHV miRNAs, including miR-K12-11, can be 

detected in viral particles, and that these miRNAs remain active even after UV-

inactivation (255). In light of this finding, we asked if miR-K12-11 could be delivered 

to host cells within the virus particle, thereby inducing the early peak of HO-1 

expression. We first examined purified virus preparations for their miRNA content, 

and we found that a standard, purified WT virus preparation (100 µl) contained 

detectable levels of miR-K12-11, as well as other representative miRNAs and 

messenger RNAs (Table 2.2). As expected, miR-K12-11 was not detected in the 

ΔK12-11 virus preparation, but we did observe measurable levels of other miRNAs 

and mRNAs therein. Using samples collected at multiple intervals over the first 24 

hrs post-infection, we used stem-loop qPCR to measure miRNA levels in iLEC 

infected with live or UV-inactivated WT (Figure 2.9A). Interestingly, despite the 

capacity of UV-inactivated virus to induce early transient HO-1 (Figure 2.1 D-E), no 

miR-K12-11 was detected in cells infected with UV-inactivated virus; cells infected 

with live virus showed appreciable levels of the miRNA only by 12hpi, presumably as 

a consequence of de novo transcription. Thus, considering the low volume of 

inoculum used for KSHV infection (less than 1 µl of the stock preparation) and the 

inability to detect any miR-K12-11 prior to 12 hpi, our data suggests that miR-K12-11 

is not responsible for the early HO-1 induction.  In order to confirm this conclusion, 

iLEC were infected with WT, ΔK12-11 or ΔK12-1 mutant viruses, and HO-1 levels 

were determined at early times post-infection (Figures 2.9B and 2.9C). As expected, 
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we were unable to detect miR-K12-11 in ΔK12-11-infected iLEC (Figure 2.10). HO-1 

levels in ΔK12-11-infected iLEC were however comparable to those in cells infected 

with WT and ΔK12-1 viruses, confirming that this miRNA does not play a role in the 

early transient induction of HO-1 in KSHV-infected cells. Given the role of BACH1 in 

negative regulation of HO-1 (Figure 2.7), we also considered that BACH1 could 

influence early HO-1 expression independent of miR-K12-11 action. Thus, we 

examined expression of BACH1 in KSHV-infected LEC over the first 8 hours of 

infection (Figure 2.11). BACH1 expression was unaffected during this time, indicating 

that early induction of HO-1 is not as a consequence of BACH1 downregulation.  

 

 

Table 2.2: Detection of ORF59 mRNA, mir-155, and miR-K12-11 in KSHV viral particles. qPCR was 

performed on RNA extracted from 100µl of purified WT or ΔK12-11 viruses. miRNA levels are 

normalized to spiked in control. Data are expressed as the mean ± SEM (n=2). N.D.: not detectable 

levels. 
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Figure 2.9. KSHV miR-K12-11 is not responsible for the early peak of HO-1 induction.  

A-C. Time course experiments in which iLEC were infected with KSHV and then harvested at 

the indicated times thereafter. A. Stem-loop qPCR for miR-K12-11 in cells infected with either live or 

UV-inactivated virus. miR-K12-11 expression is normalized to levels of the cellular internal control miR-

16 (n=3). B. qPCR showing HO-1 mRNA levels (n=3) in cells infected with either KSHV WT, ∆K12-11 

mutant, or ∆K12-1 mutant (as control) viruses. C. Western blot showing HO-1 protein levels in cells 

infected with either WT, ΔK12-11 (ΔK11), or ΔK12-1 (ΔK1) (control) viruses. The KSHV-encoded 

ORF45 protein was used as marker of infection; GAPDH serves as a loading control. 



! 78!

 

Figure 2.10: Stem-loop qPCR detection of miR-K12-11 in KSHV-infected iLEC. iLEC were infected with 

either KSHV WT or the ΔK12-11 mutant, and then the cells were harvested at the indicated times post-

infection. The data are normalized to the cellular control miR-16. 

 

 

 

Figure 2.11: BACH1 protein levels do not significantly change within the first 8hrs post KSHV infection. 

WB showing BACH1 expression KSHV-infected iLEC at the indicated times post-infection. GFP 

(expressed by the virus) is used as marker of infection. 
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2.5 Discussion 

In the current study we confirmed HO-1 upregulation in lymphatic EC (LEC) 

infected with a BAC-derived KSHV. Under basal conditions, HO-1 expression is 

tightly regulated by the transcriptional repressor BACH1 (205). BACH1 mRNA is 

downregulated by KSHV through the action of the viral miRNA miR-K12-11, which 

targets the BACH1 3’-UTR (147,148). It was recently shown that exogenous 

expression of miR-K12-11 in 293 cells is sufficient both for the induction of HO-1 and 

the concurrent downregulation of BACH1, suggesting an inverse correlation between 

the regulation of these two proteins (251). Our current study is the first to 

demonstrate that miR-K12-11 also targets BACH1 during de novo infection of LEC, 

with a concomitant increase in HO-1. Importantly however, HO-1 levels in LEC 

infected with KSHV lacking miR-K12-11 (ΔK12-11) are not restored to those in mock-

infected cells, indicating that the viral miRNA is not the sole element responsible for 

modulation of this antioxidant pathway. It is not uncommon for viruses to adopt more 

than one mechanism to regulate key cellular proteins and pathways. Therefore, it is 

likely that other viral and/or cellular components modulate the expression of BACH1 

and/or other HO-1 regulators, such as the transcriptional activator NRF2 (256). 

NRF2 (a.k.a. NFE2L2) is a member of the basic region-leucine zipper (bZip) protein 

family and, as described above, plays a critical role in the induction of oxidative 

stress responsive genes such as HO-1 (204). Consequently, it is plausible that 

KSHV has developed the ability to modulate HO-1 expression by regulating both 

BACH1 and NRF2. A recent report suggests that the KSHV latency protein vFLIP, by 

virtue of its ability to induce NRF2 during latent infection of dermal microvascular EC 

(HMVEC-d) (257) could provide yet another means whereby KSHV modulates HO-1 

expression. 

Another intriguing result is our finding that the subcellular localization of 
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BACH1 is altered by KSHV infection of LEC, with a percentage of the predominantly 

nuclear protein being redistributed to the cytoplasm; as previously stated, BACH1 

functions as a HO-1 transcriptional repressor when bound to the HO-1 promoter in 

the nucleus. Accordingly, KSHV could also impair BACH1-mediated repression of 

ARE-containing genes such as HO-1 by preventing its translocation to the nucleus or 

inducing its nuclear export. Further investigation will be needed to evaluate how 

KSHV mediates the relocalization of BACH1 and to identify the viral and/or host 

factors involved.  

While investigating the expression kinetics of HO-1 in de novo infected LEC, 

we discovered that HO-1 is also rapidly and transiently upregulated at early times 

post infection (6-8 hpi). This early induction was not dependent on de novo 

expression of viral genes, since UV-inactivated virus induced similar levels of HO-1. 

This suggests that one or more virion components might be responsible for the 

transient upregulation. A recent paper demonstrated the presence of biologically 

functional viral miRNAs in KSHV virions (255). Thus, we investigated whether miR-

K12-11 was also responsible for the early induction of HO-1. Despite detecting miR-

K12-11 in stock virus preparations, our data indicate that this viral miRNA is not 

responsible for the early induction of HO-1. Consequently, we predict that other 

virion component(s) are responsible for the early induction of HO-1. Since cellular 

pathways regulated by early de novo KSHV infection are thought to participate in 

orchestrating an effective viral infection (83), it is reasonable to speculate that early 

induction of HO-1 by KSHV could protect the cell from virus-induced oxidative stress 

and contribute to a cellular environment permissive for successful infection. The 

recent finding that NRF2 induction in KSHV-infected HMVEC-d is regulated by early 

de novo infection events, including virus binding and early signaling (257), suggests 

that KSHV induction of NRF2 contributes to the early peak of HO-1 seen in KSHV-
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infected LEC. The long-term goal of our studies is to develop a novel therapy for KS. 

Due to the selective pressure on the virus that can lead to mutations within its 

genome, drug resistance is a recurrent problem when targeting viral genes 

(258,259). Therefore, a more attractive strategy involves the identification of cellular 

genes that are uniquely expressed or overexpressed during the development of the 

pathology. HO-1 may represent such a target for the treatment of KS: HO-1 is 

selectively upregulated in KS spindle cells (153), KS lesions are characterized by 

high free heme and hemoglobin as a result of erythrocyte extravasation and 

degradation (54,260,261), and HO-1 induction affords survival and proliferation 

advantages to infected cells within the unique tumor microenvironment that would 

otherwise be hostile to normal cells. For these reasons, and because HO-1 targeting 

has been successful for treatment of other types of cancer, we propose that a similar 

approach should be considered for the treatment of KS. 

2.6 Materials And Methods 

Cells and viruses 

Primary adult human LEC were obtained from Lonza (Allendale NJ). Immortalized 

LEC (iLEC) were generated from these cells via transduction with a retrovirus 

expressing papilloma virus E6/E7, as previously described (103). LEC were cultured 

in EGM-2 medium prepared by supplementing basal medium (EBM-2; Lonza) with 

10% FBS, penicillin/streptomycin/L-glutamine (PSG, Hyclone, Logan, UT) and 

additional EC growth supplements (EGM-2MV Bullet Kit; Lonza). HEK293T cells 

were grown in DMEM supplemented with 10% FBS and PSG. Epithelial iSLK cell 

lines (generously provided by Dr. Rolf Renne at the University of Florida, Gainesville, 

FL with kind permission from Dr. Jae Jung at the University of Southern California, 

Los Angeles, CA and Dr. Don Ganem at the University of California, San Francisco, 
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CA) were used to produce stocks of recombinant KSHV (249,252,262). iSLK were 

grown in DMEM supplemented with 10% FBS, PSG, puromycin (1 µg/ml), neomycin 

(200 µg/ml) and hygromycin (1.5 mg/ml). The KSHV bacterial artificial chromosome 

clone BAC16 was kindly provided by Dr. Jae Jung (249). KSHV-BAC16 was derived 

from recombinant rKSHV.219, which expresses GFP under the control of the human 

EF1α promoter (263). The independent regulation of GFP and viral gene expression 

in this virus leads to occasional cells that express discordant levels of KSHV and 

LANA (264,265). To produce stocks of recombinant KSHV, iSLK cells harboring 

BAC16 were treated with doxycycline (1 µM) and sodium butyrate (3 mM) for 72 

hours. Supernatants were then collected, and cell debris was removed via low-speed 

centrifugation. Clarified supernatants were then transferred to ultracentrifuge tubes, 

underlaid with 25% sucrose in TNE (150 mM NaCl, 10 mM Tris pH8.0, 2 mM EDTA 

pH 8.0) and centrifuged at 78,000 x g for 2 hours at 4°C. The resulting virion pellets 

were resuspended in TNE. Stocks of BAC16-derived KSHV were titrated by infecting 

iLEC with serially diluted virus preparations. After a 48hr incubation, the cells were 

harvested and evaluated for GFP expression via flow cytometry. For latent infection 

experiments, MOI (multiplicity of infection) were normalized to the volume of viral 

supernatant required for 20% GFP+ iLEC. For acute infection experiments, MOI’s 

corresponding to 80% GFP+ iLEC were used, and centrifugation was omitted in 

order to prevent mechanical stress-induced HO-1 upregulation. 

 

Antibodies and other reagents 

HO-1 protein levels were assessed using a mouse anti-HO-1 mAb (BD Transduction 

Laboratories, Franklin Lakes, NJ) at a concentration of 1:1000 for WB and 1:200 for 

IFA and flow cytometry. An Anti-GFP (Goat) horseradish peroxidase (HRP)-
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conjugated antibody (Rockland-600-103-215, Limerick PA) was used at 1:2000 in 

order to detect GFP. Mouse anti-BACH1 (F-9) antibody (sc-271211; Santa Cruz 

Biotechnologies, Santa Cruz, CA) was used at either 1:200 (WB), or 1:100 (IFA). 

GAPDH levels were used as WB loading controls and were detected with a mouse 

anti-GAPDH antibody (ab8245; AbCam, Cambridge, England) at a concentration of 

1:20,000. Mouse anti-ORF45 antibody (ab36618; AbCam) was used at 1:500 (WB). 

A rabbit anti-LANA antibody (UK183), kindly provided by Dr Bala Chandran 

(Rosalind Franklin University, Chicago, IL) was used at 1:100 for IFA. For FLAG 

epitope detection, a monoclonal anti-FLAG M2 HRP-conjugated antibody (Sigma, St. 

Louis, MO) was used at 1:5000. For WB, donkey anti-rabbit (sc-2313; Santa Cruz 

Biotechnologies) or goat-anti mouse (GAM-HRP Millipore, Billerica, MA) HRP-

conjugated secondary antibodies were each used at a concentration of 1:10,000. For 

IFA, anti-mouse IgG1 Alexa Fluor 594 and anti-rabbit Alexa Fluor 647 secondary 

antibodies (both from Invitrogen, Eugene, OR) were used at 1:1000. miRNA mimics 

were transfected into iLEC using Effectene (Qiagen, Valencia, CA). Both the miR-

K12-11 mimic (KSHV-miR-K12-11-5p mirVana miRNA mimic) and the negative 

control miRNA (FAM-dye-labeled control Pre-miR) were purchased from Ambion 

(Life Technologies, Carlsbad, CA). 

BACH1 Adenovirus Vector  

A FLAG-tag was fused to the BACH1 N-terminus using standard PCR techniques. 

The resulting DNA fragment was cloned into the adenoviral vector pAdTet7. In this 

vector, transgene expression is driven by a minimal CMV promoter that is preceded 

by multiple tet-repressor binding sites. Expression from this chimeric promoter only 

takes place in presence of the tet transactivator, as well as the absence of 

tetracycline or doxycycline (a so-called, “tet-off” system). In this system, the tet 
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transactivator is expressed from a second co-infecting adenovirus, hereafter referred 

to as Trans. In all AdBACH1 experiments, cells infected with Trans alone were used 

to control for nonspecific effects resulting from adenoviral infection (266). Adenovirus 

was prepared from these vectors as described previously (254). 

Reverse Transcription Quantitative PCR (qPCR)  

Extraction of total RNA was performed using miRNeasy Mini Kits (Qiagen, Valencia, 

CA), which allow for isolation of both miRNAs and mRNAs. DNase I (Qiagen) 

digestion was included to remove any contaminating DNA from the samples. Total 

cDNA was generated from these samples using the SuperScript III First-Strand 

Synthesis System (Invitrogen; Life Technologies, Carlsbad, CA). The following stem-

loop PCR primers were used for the reverse transcription of miRNAs (Stem-loop 

RT), as previously described (267): mir-k12-11: SL 5′-

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCGGAC- 3’; 

mir-k12-1: SL 5′-

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCTTAC-3’; 

mir16: SL 5′- 

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGCCAA- 3’; 

mir-155: SL 5′- 

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCCCT- 3’. 

The following primers were used for qPCR: mRNAs: GAPDH F 5’-

GAAGGTGAAGGTCGGAGT-3’, GAPDH R 5’-GAAGATGGTGATGGGATTTC-3’; 

HO-1 F 5’-GCCCTTCAGCATCCTCAGTTC-3’, HO-1 R 5’- 

GGTTTGAGACAGCTGCCACA-3’; BACH1 F 5’-

TGAGAAGCTGCAAAGTGAAAAGG-3’, BACH1 R 5’-

CTGCTTTGTCTCACCCAGAGT-3’; ORF59 F 5’- CGAGTCTTCGCAAAAGGTTC-3’, 



! 85!

ORF59 R 5’- AAGGGACCAACTGGTGTGAG-3’.miRNAs: miR-K12-11 F 5’-

CGAGCCTTAATGCTTAGCCUG- 3’; miR-K12-1 F 5’-

GCGAGCATTACAGGAAACTGG-3’; miR16 F 5’-CGGCAGTAGCAGCACGTAAAT- 

3’; miR-155 F 5’- CGCGAGCTTAATGCTAATCGTG-3’. The reverse primer for all 

miRNA detection was Universal SL Rev 5′-CCAGTGCAGGGTCCGAGGTA-3′. To 

perform qPCR, 5 µl of cDNA (typically 1-10 ng) was mixed with gene-specific primers 

and 12.5 µl Power SYBR Green PCR Master Mix (ABI, Foster City, CA) to a final 

volume of 25 µl. Optimization of primer/sample concentrations was performed for all 

targets. For qPCR experiments, standard curves were set up using appropriate 

control samples and a dilution series ranging from 100 ng to 3.2 pg cDNA. Sample 

amplification was performed using an ABI Real Time PCR 7500 System. For relative 

quantitation experiments, the signal for each cDNA was normalized to GAPDH 

levels, thereby allowing for the comparison of mRNA expression levels in different 

samples. 

 

Western Blot analysis 

Cells were lysed in RIPA buffer (50mm Tris, pH 7.5, 150mm NaCl, 1% Nonidet P-40, 

0.5% deoxycholate, 0.1% SDS, 1X Complete inhibitors [Roche Applied Science, 

Pleasanton, CA]), incubated on ice for 30min, and then centrifuged at 13,400 x g for 

10min at 4°C. Cleared supernatants were transferred to fresh tubes, and their protein 

concentrations were determined via bicinchoninic acid assay (BCA, Thermo Fisher 

Scientific, Waltham, MA). The resulting proteins were separated via reducing SDS-

PAGE, transferred to PVDF membranes, incubated in blocking buffer (5% nonfat dry 

milk in Tris-buffered saline with 0.1% Tween 20 [TBST]) for 1h with agitation, and 

then probed with the appropriate primary antibody diluted in blocking buffer. Blots 
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were then washed 3 times with TBST, incubated with the appropriate secondary 

antibodies in blocking buffer, and then washed a further 3 times with TBST. Blots 

were developed using an ECL Plus kit (Amersham Biosciences/GE Healthcare, 

Pittsburgh, PA), and the resulting data was captured using either Kodak XAR film or 

a G:Box (Syngene). The ImageJ software package (Rasband, W.S., ImageJ, U. S. 

National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 

1997-2014) was used for band quantitation. Images shown are representative of 

three independent experiments.  

 

Indirect Immunofluorescence and Image Analysis 

For IFA, cells were seeded on collagen-coated coverslips (BD Biosystems, Franklin 

Lakes, NJ) in 6-well tissue culture plates. At the end of the experiment, cells were 

fixed in 2% paraformaldehyde (PFA) for 8 min, washed 3 times in PBS, and 

permeabilized in 0.25% Triton-X100 for 8 min. Cells were blocked in IFA blocking 

buffer (20% normal goat serum [NGS] in PBS) for 20 mins at 37°C, and incubated 

with the appropriate primary antibody incubation buffer (1% NGS in PBS) for 1 hr at 

37°C. After primary antibody incubation, coverslips were washed 3 times in PBS and 

incubated with both the appropriate secondary antibody and the nuclear stain 4’,6-

diamidino-2-phenylindole (DAPI) for 45 min at 37°C. Coverslips were then washed 3 

times in PBS and mounted on glass slides with FluoromountG (Southern Biotech, 

Birmingham, AL). The slides were then analyzed using a Deltavision real-time 

deconvolution fluorescence microscope (DVRT, Applied Precision, Issaquah, WA) 

and images were captured using a Photometrics CoolSNAP HQ camera. Image 

analysis was performed using Softworx (Applied Precision). Stacks of images (0.2 

µm z-step) were captured at 60X magnification. Stacks were subjected to 

deconvolution, and 2–3 section projections were made by superimposing 
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representative z-planes to generate the final image. Images shown are 

representative of three independent experiments. Where necessary to facilitate 

visualization of GFP and more than one fluorescently-tagged target protein of 

interest, GFP was pseudocolored to greyscale.  

 

Flow cytometry 

Cells to be analyzed via flow cytometry were dissociated from tissue-culture plates 

using non-enyzmatic Cellstripper (25-056-CI; CellGro/Corning, Manassas, VA) and 

then pelleted at 1800 x g at 4°C for 5 min. The cells were then fixed using BD 

Cytofix/Cytoperm, incubated on ice for 15 min, pelleted, and then resuspended in 1X 

BD Permwash containing primary antibody. After a further 15 min incubation on ice, 

the cells were washed three times and then resuspended in 1X BD Permwash 

containing the appropriate dilution of secondary antibody. After a subsequent 15 min 

on ice, the cells were washed in 1X BD Permwash and finally analyzed on a BD 

FACSCalibur flow cytometer (BD Biosciences).  

 

Statistical analysis  

Quantitative PCR data is expressed as the mean ± Standard Error of the Mean 

(SEM). Statistical analysis was performed on R Software (R Core Team (2013). R: A 

language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria). One-way ANOVA and Kruskal-Wallis tests were used 

to compare means from different groups.  
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3.1 Abstract 

KSHV is the etiologic agent of Kaposi sarcoma (KS) an endothelial cell (EC)-

derived tumor and rare lymphoproliferative disorders. KSHV infection of EC results in 

induction of heme oxygenase-1 (HO-1), the rate-limiting enzyme of heme catabolism 

that converts pro-oxidant heme into metabolites with cytoprotective properties. 

Previous work has shown that HO-1 expression in KSHV-infected EC is 

characterized by an early transient induction followed by a sustained upregulation 

co-incident with the establishment of viral latency. These two phases of HO-1 

induction are independently regulated, suggesting distinct roles in the virus life cycle. 

In the current chapter, we investigated the role of HO-1 at the early stage of de novo 

infection. The initial stage of KSHV infection involves virion binding to the cell 

membrane, leading to activation of host innate immune effectors, including TLR4. 

TLR4 signaling in infected cells is then targeted by viral immune evasion factors. 

TLR4-deficient EC are more susceptible to KSHV infection than wild-type controls, 

while the heme metabolite carbon monoxide (CO) is a TLR4 signaling inhibitor. In the 

light of these two findings, we investigated a potential role for CO in blocking TLR4 

activation to facilitate KSHV infection of EC. Indeed, we report that CO is able to 

partially block TLR4 signaling in de novo infected EC through inhibition of the TRIF-

dependent pathway. Further, elevation of intracellular CO resulted in reduced 

expression of TLR4 downstream anti-viral genes, thus dampening the innate immune 

response against KSHV. By contrast, inhibition of HO-1 activity resulted in higher 

innate immune response and reduced KSHV infection.  
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3.2 Importance 

The HO-1 enzyme has been extensively investigated in both physiological 

and pathological conditions. HO-1 is induced in several types of cancer, where it is 

considered a therapeutic target. Our goal is to understand how HO-1 promotes KS 

tumorigenesis and to explore its potential role as a KS treatment target. Our previous 

work showed that KSHV strongly induces HO-1 and that KSHV-infected cells 

proliferate in response to heme in a HO-1-dependent manner, suggesting that HO-1 

promotes infection and tumorigenesis. In the current study we investigate the 

contribution of HO-1 to the early stage of virus infection. Investigation of HO-1 in the 

context of KSHV infection is key to understanding the biology of the virus and to 

develop targeted therapies for KS. 

 

3.3 Introduction 

The oncogenic human γ-herpesvirus Kaposi sarcoma herpesvirus (KSHV) is 

the causative agent of Kaposi’s sarcoma (KS) (9) and the lymphoproliferative 

disorders primary effusion lymphoma (PEL) and multicentric Castleman disease 

(MCD) (9,45). KSHV establishes persistent infection in B-cells and endothelial cells 

by evading the host immune system and by promoting survival of infected cells. The 

importance of the balance between KSHV and host immunity is underscored by the 

increased development of KSHV-associated malignancies in the setting of 

immunodeficiency (98). Viruses adopt several mechanisms to evade the host 

immune response. In particular, KSHV encodes different proteins and micro-RNAs 

able to target host factors of both the innate and the adaptive immune system (268). 

The innate immune system is the first inducible layer of host defense against 

pathogens and appropriate sensing of non-self components is critical for initiating an 
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effective immune response (166). Virus detection is carried out by a class of immune 

sensors known as pattern recognition receptors (PRR). The Toll-like receptors 

(TLRs) are a class of evolutionarily-conserved PRRs that detect a broad range of 

pathogens (269). 

KSHV is known to induce activation of several TLRs including TLR9, which 

recognizes unmethylated CpG motifs of double-stranded DNA (dsDNA) (270), TLR3, 

which senses viral replication intermediates such as dsRNA (271) and TLR4, which 

is most well-known for recognizing gram-negative bacterial lipopolysaccharide (LPS) 

(175). Although the KSHV component(s) that activate TLR4 signaling remain to be 

identified, UV-inactivated KSHV induces TLR4 signaling, suggesting that one or 

more glycoproteins are responsible (175). Accordingly, treatment of fibroblasts with a 

purified soluble version of KSHV glycoprotein K8.1 is sufficient to induce expression 

of IFNβ and a panel of interferon-stimulated genes (ISGs) (181,182). The 

significance of TLR4 in the regulation of KSHV infection is highlighted by the 

evidence that KSHV employs strategies to evade TLR4-triggered immunity. For 

example, the viral proteins vIRF-1 (ORF K9) and vGPCR (ORF74) are able to 

suppress TLR4 signaling (175). Furthermore, KSHV encodes proteins and miRNAs 

that block the TLR4 adaptor proteins MyD88 and TRIF: the transactivator protein 

RTA (ORF50) degrades TRIF (272), while the viral microRNAs miR-K9  and miR-K5 

downregulate IRAK1 and MyD88, respectively (273). From a functional standpoint, 

downregulation of TLR4 in EC, the precursors of KS tumor cells, leads to higher 

susceptibility to KSHV infection (175), suggesting an important role of this PRR in the 

prevention of endothelial infection and the progression of KS.  

In a previous work, we demonstrated that de novo KSHV infection of 

lymphatic EC results in induction of the stress-inducible host enzyme heme 

oxygenase-1 (HO-1) at both early times post infection and during established viral 
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latency (Chapter 2). Early HO-1 expression was independent of viral gene 

expression, suggesting that one of more virion components is responsible for the 

initial response (Chapter 2). These data were corroborated by an independent study 

showing induction of HO-1 early post infection via a mechanism involving 

upregulation the HO-1 transcriptional activator NRF2 in response to infection-

associated oxidative stress (274). 

 HO-1 catalyzes the degradation of heme into carbon monoxide, ferrous iron, 

and biliverdin (210). HO-1 is ubiquitously expressed and rapidly induced in response 

to diverse cellular stressors, and is also strongly expressed in several types of 

cancer (209). HO-1 induction is thought to contribute to cytoprotection, proliferation 

and angiogenesis via the conversion of pro-oxidant, cytotoxic heme into metabolites 

with antioxidant, pro-angiogenic, anti-apoptotic, and anti-inflammatory activity 

(202,210). Of particular relevance to the current study, the heme metabolite carbon 

monoxide (CO) is involved in activation of intracellular signaling pathways, which 

culminate in anti-inflammatory, anti-proliferative, anti-apoptotic, and anti-coagulative 

properties (209,214,215,275). Notably, CO is able to block TLR4 signaling by 

preventing the interaction between this receptor and its adaptor proteins MyD88 and 

TRIF (276-279). This downmodulatory influence reveals an important anti-

inflammatory role for CO in pathogen-exposed cells and suggests a potential role for 

CO in immune evasion by pathogens such as KSHV that have the capacity to 

release CO. The discovery of compounds eponymously named “carbon monoxide 

releasing molecules” (CORM), have provided further mechanistic insight into the role 

of CO in biological systems (216). 

In the present chapter we investigated the potential role of HO-1’s CO-

releasing activity in the inhibition of TLR4 signaling during de novo KSHV infection of 

endothelial cells. 
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3.4 Results 

3.4.1 De novo KSHV infection of endothelial cells activates TLR4 

It is known that de novo KSHV infection of LEC induces an early transient 

expression of HO-1 message and protein (Chapter 2). However, the significance of 

this early phase of HO-1 induction to establishment of KSHV infection remains 

unknown. KSHV binding to the surface of EC leads to activation of several PRRs, 

including TLR4 (175). KSHV in turn employs mechanisms to counteract TLR4 

signaling (174), suggesting that TLR4 plays an important role in KSHV infection. 

Besides activating the innate immune response, TLR4 has also been shown to 

induce expression of HO-1 (279). HO-1 in turn promotes a CO-driven feedback 

mechanism that attenuates TLR4 signaling (279). Considering the ability of CO to 

attenuate TLR4, we hypothesized that the transient peak of HO-1 observed during 

initial KSHV infection of EC might inhibit TLR4 signaling to facilitate KSHV infection. 

In order to verify this hypothesis, iLEC were infected with live or UV-inactivated 

BAC16 recombinant KSHV, then collected at different times post infection and 

analyzed for expression of HO-1 and of TLR4-induced transcripts. Confirming 

previous observations (Chapter 2) Figure 3.1A shows a transient peak of HO-1 

message between 4 and 6 hours post infection (hpi), in both live and UV infected 

cells. To determine if TLR4 signaling was concurrently activated, transcription levels 

of the downstream cytokine IL-1β was determined; similar levels of IL-1β message 

were observed both in cells infected with live or UV-inactivated KSHV as early as 2 

hpi (Figure 3.1B). At 4 hpi, IL-1β was sustained in UV-inactivated virus-infected cells, 

but decreased in live virus-infected cells, possibly due to de novo expression of viral 

immune evasion proteins. Similar trends were observed for TNFα and IFNβ 

transcripts (dns). Interestingly, virions devoid of the viral genome (B-capsids) were 
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also able to induce transcription of HO-1 message and cytokines involved with TLR4 

signaling activation (dns), supporting the supposition that a virus particle component 

may be responsible for TLR4 activation. Since HO-1 can be induced through 

activation of the TLR4 signaling pathway (279,280), we next investigated whether the 

early induction of HO-1 observed in KSHV-infected LEC was TLR4-triggered. 

Accordingly, iLEC were pretreated with DMSO or with the TLR4-specific inhibitor 

CLI-095 for 2 hours and then exposed to LPS for 2 or 4 hours. As expected, LPS 

stimulation induction IL-1β transcripts in cells pretreated with DMSO, while cells 

pretreated with CLI-095 showed only basal levels of IL-1β (Figure 3.1C). By contrast, 

LPS treatment, regardless of the presence of the TLR4 inhibitor, did not significantly 

influence HO-1 message levels (Figure 3.1D). These experiments were then 

repeated using KSHV as inducer of TLR4 signaling: iLEC were pretreated with CLI-

095 for 2 hours, KSHV-infected and then harvested at 2, 4 and 6 hpi for 

measurement of HO-1 transcripts, KSHV genomes and an immediate early viral 

transcript (K5). As observed with LPS treatment, CLI-095 did not significantly change 

the expression of HO-1 message in KSHV-infected iLEC (Figure 3.1E), confirming 

that TLR4 does not play a role in the induction of HO-1 in the system under study. 

However, iLEC pretreated with CLI-095 contained higher level of KSHV genomes 

(Figure 3.1G) and K5 transcripts (Figure 3.1H) as compared to control cells at early 

times hpi, which was reflected by a significant increase in the percentage of GFP-

positive cells by 24 hpi (Figure 3.1F). Additionally, cells treated with the TLR4 

inhibitor showed higher genome copies in the supernatant of infected cells at 24 hpi 

(Figure 3.2). Thus, these data imply that TLR4 plays an important inhibitory role 

against de novo KSHV infection and support a previous study showing that 

downregulation of TLR4 in EC using siRNA enhances their susceptibility to KSHV 

infection (175).  
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Figure 3.1. KSHV activates TLR4 signaling in EC while TLR4 inhibition enhances susceptibility 

to KSHV infection.  A and B. qPCR for HO-1 (A) or IL-1β (B) transcripts in iLEC infected with 

infectious KSHV (live) or UV-inactivated KSHV (UV), at different times post infection (hpi). Data are 

expressed as the mean ± SEM (n=3). C and D. qPCR for IL-1β (C) and HO-1 (D) transcripts in cells 

pretreated with DMSO or CLI-095 and then stimulated with PBS (vehicle) or LPS. Data are expressed 

as the mean ± SEM (n=3). E. qPCR for KSHV genomes in cells pretreated with DMSO or CLI-095 prior 
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to infection (KSHV) or mock-infection (mock) with KSHV. Data are expressed as the mean ± SEM (n=3) 

F. Flow cytometric analysis of cells treated as in E; infected cells are gated on GFP (n=2). ** = p-value ≤ 

0.01. A one-way ANOVA test was used for statistical analysis. G and H. qPCR for HO-1 (G) and KSHV 

K5 (H) transcripts in cells pretreated with DMSO or CLI-095 prior to infection (KSHV) or mock-infection 

(mock) with KSHV. Data are expressed as the mean ± SEM (n=2). 

 

 

Figure 3.2.  qPCR for KSHV genome copies in supernatant of iLEC pretreated with DMSO, CLI-095 or 

CORM-2 and then infected with KSHV for 24 hpi. 
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3.4.2 Carbon monoxide treatment renders iLEC more permissive to KSHV 

infection 

As previously stated, HO-1 has been associated with inhibition of TLR4 signaling 

(279). In particular, carbon monoxide (CO) has the ability to block TLR4 signaling 

pathway by preventing its interaction with the adaptor proteins, MyD88 and TRIF 

(279). Thus, we hypothesized that the HO-1 inhibition of TLR4 signaling might occur 

as a consequence of CO production. We first confirmed that CO was able to inhibit 

LPS-induced TLR4 signaling in their system. iLEC were pretreated with DMSO or 

CORM-2, a carbon monoxide releasing molecule, for 2 hours, then stimulated with 

DMSO (vehicle) or LPS for 4 and 6 h. As shown in Figure 3.3A, cells stimulated with 

LPS in the presence of CORM-2 showed reduced levels of IL-1β message as 

compared to DMSO-treated cells. Interestingly, the decrease in cytokines in cells 

pretreated with CORM-2 was not as profound as the decrease observed in iLEC 

treated with CLI-095 (Figure 3.1C), indicating that CO did not inhibit TLR4 signaling 

as potently as a chemical inhibitor of TLR4. As previously mentioned, CO is itself an 

inducer of HO-1 (281) and indeed, iLEC pretreated with CORM-2 showed increased 

levels of HO-1 transcripts by 6 hours (Figure 3.3B), regardless of LPS treatment. 

Next, we investigated whether CO could also promote KSHV infection: iLEC were 

pretreated with CORM-2 for 2 h, infected with KSHV, and harvested at 2, 4 and 6 hpi 

to monitor infection efficacy. Cells pretreated with CORM-2 showed a higher number 

of intracellular KSHV genome copies compared to control (DMSO) cells (Figure 

3.3C) as well as a significant increase in transcription of the IE gene K5 (Figure 

3.3D), suggesting that, similarly to CLI-095, CO is able to render iLEC more 

susceptible to KSHV infection. In order to verify successful inhibition of the TLR4 

pathway by CORM-2 treatment in the context of KSHV, we also examined cytokine 

transcription in virus-infected iLEC. As expected, CORM-2 pretreatment significantly 
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reduced IL-1β transcription in infected cells (Figure 3.3E); similar trends were 

observed for IL-6 and IL-8 (Figure 3.4).  

 

Figure 3.3. CO inhibits TLR4 signaling and renders EC more susceptible to KSHV infection. A 

and B.  qPCR for IL-1β (A) and HO-1 (B) transcripts in iLEC pretreated with DMSO (vehicle) or CORM2 

and then stimulated with DMSO or LPS. Data are expressed as the mean ± SEM (n=3). C. qPCR for 

KSHV genomes in iLEC pretreated with DMSO or CORM2 and then infected with KSHV. Data are 

expressed as the mean ± SEM (n=3) D and E. qPCR for KSHV K5 (D) or IL1-β (E) transcripts in iLEC 

pretreated with DMSO or CORM2 and then infected with KSHV. Data are expressed as the mean ± 

SEM (n=3). 
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Figure 3.4.  qPCR for mRNA levels of IL-6 (top) and IL-8 (bottom) in iLEC pretreated with DMSO or 

CORM-2 and then infected with KSHV for 2, 4 or 6h. Data are expressed as the mean ± SEM (n=3). 

 

 

 

 

 

 

IL
-6

 m
R

N
A 

re
la

tiv
e 

ex
pr

es
si

on
 

IL
-8

 m
R

N
A 

re
la

tiv
e 

ex
pr

es
si

on
 

0 

5 

10 

15 

20 

25 

30 

35 

40 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

mock KSHV mock KSHV mock KSHV 

0hpi 2hpi 4hpi 6hpi 

0 
2 
4 
6 
8 

10 
12 
14 
16 
18 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

D
M

S
O

 

C
O

R
M

2 

mock KSHV mock KSHV mock KSHV 

0hpi 2hpi 4hpi 6hpi 



! 100!

3.4.3 HO-1 inhibition affects KSHV infection of iLEC 

As shown in Figure 3.3 above, enhancing intracellular CO levels facilitates 

KSHV infection through inhibition of TLR4 signaling (Figure 3.3). To verify that HO-1 

activity was required for this phenotype, an inhibitor of HO-1 activity, OB-24, was 

used. OB-24 is a water-soluble small-molecule inhibitor synthesized from the 

imidazole class that has potent anti-tumor and anti-metastatic activity in preclinical 

models of prostate cancer (221). Contrarily to other commonly used HO-1 inhibitors, 

OB-24 selectively inhibits HO-1 and does not perturb HO-1 expression (221,282). 

OB-24 was first tested in iLEC to determine a non-cytotoxic range and inhibition of 

HO-1 activity confirmed by measuring bilirubin concentration in cell lysates (Figure 

3.5). Next the drug was tested in the presence of KSHV infection. iLEC were 

pretreated overnight with OB-24 or PBS as vehicle, then infected with KSHV and 

collected at different times post infection (2, 4, 6, 8 hpi) for analysis. Cells pretreated 

with OB-24 showed higher levels of IFNβ transcripts (Figure 3.6A) and contained 

lower levels of K5 message (Figure 3.6B) as compared to PBS-treated cells or 

CORM-2 treated cells, suggesting that inhibition of HO-1 activity leads to an increase 

in anti-viral cytokines and results in less KSHV infection. To confirm this data, cells 

pretreated with OB-24 showed significant decrease in expression of both early 

(ORF59) (Figure 3.6C) and latent (LANA-1) viral transcripts at 24 hpi (Figure 3.6D). 

Next, we investigated TLR4 signaling activation in CORM-2 or OB-24 pretreated 

cells by examining intracellular levels of phosphorylated TBK1 (TRIF-dependent 

pathway) and total IRAK1 (MyD88-dependent pathway). iLEC pretreated with 

CORM-2 and infected with KSHV showed lower levels of phosphorylated TBK1 

compared to DMSO-treated cells, while similar levels of total TBK1 were observed in 

both conditions (Figure 3.6E). No significant differences were observed in IRAK1 

levels suggesting that, in this system, CO seems to mainly affect the TRIF-



! 101!

dependent pathway. This finding may also explain the partial block of TLR4 signaling 

observed with CORM-2 treatment in Figure 3.3A. Cells pretreated with OB-24 

showed higher levels of phospho-TBK1 as compared to DMSO-treated cells (vehicle) 

and in particular CORM-2-treated cells (Figure 3.6E). By contrast, no significant 

changes were detected for the levels of total TBK1 or IRAK1 (Figure 3.6E). Together, 

these results suggest that HO-1 activity is responsible for the inhibition TLR4 

signaling, resulting in promotion of viral infection.  

 

 

Figure 3.5.  ELISA for intracellular bilirubin (BR) to verify efficacy of the HO-1 inhibitor OB-24.  iLEC 

were pretreated with PBS (vehicle) or OB-24 (20µM) overnight, then stimulated with HO-1 inducer heme 

arginate (HA) for 3h. Data are expressed as the mean  (n=2). 
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!
Figure 3.6. HO-1 inhibition decreases KSHV infection of EC. A and B.  qPCR for IFNβ (A) and K5 

(B) transcripts in iLEC pretreated with PBS (vehicle) OB-24 (20µM) overnight and then infected with 

KSHV. Data are expressed as the mean ± SEM (n=2).  C and D.  qPCR for KSHV ORF59 (C) and 

LANA-1 (D) transcripts in iLEC pretreated with PBS (vehicle) or OB-24 (20 or 50 µM) and then infected 

with KSHV for 24 h. Expression levels are shown relative to those in vehicle-treated iLEC. Data are 

expressed as the mean ± SEM (n=3).  E. Western blot of iLEC pretreated with DMSO (vehicle), 20µM 

OB-24 (OB) or CORM2 (CO), infected with KSHV and then harvested at intervals post-infection. Mock 

refers to mock-infected samples harvested at 8 hpi. P-TBK1= phospho-TBK1. T-TBK1= total-TBK1. 

GAPDH was used as a loading control. (n=2).   
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3.4.4 TLR4 signaling affects a step of KSHV infection beyond capsid delivery to 

the nucleus  

In Figure 3.1 and 3.3 we demonstrated that TLR4 inhibition through either 

CLI-095 or CORM-2 pretreatment renders iLEC more permissive to KSHV infection. 

To determine which step of KSHV infection was affected by TLR4 signaling, KSHV 

binding, entry and capsid delivery to the nucleus were evaluated by 

immunofluorescence microscopy (IFA).  iLEC were first treated with DMSO, CORM-2 

or CLI-095 for 2 h, then infected with KSHV at 4°C, to allow virus binding but 

preventing entry. After 30 min at 4°C, cells were washed and either fixed to 

determine the number of bound virions or further incubated at 37°C for 60 or 120 min 

to allow for virus entry and nuclear trafficking. All cells were then stained for viral 

capsids (ORF65).  IFA for ORF65 revealed no significant difference in the number of 

capsids at 30 min (binding), 60 min (entry), or 120 min (delivery to nucleus) post 

infection regardless of the treatment (Figure 3.7A and Table 3.1). These data thus 

suggest that TLR4 signaling does not have an impact on these initial infection 

stages. Next, we used the viral polymerase inhibitor ganciclovir (GCV) to evaluate 

intracellular levels of viral DNA in the absence of viral replication, thus allowing 

detection of only input viral genomes.  iLEC were pretreated with GCV alone or with 

CORM-2 and GCV concomitantly for 1h, and then infected with KSHV for 2, 3 and 4 

h. Collected cells were then analyzed for viral DNA content by qPCR. As expected 

(Figure 3.7B), treatment with GCV successfully blocked DNA replication. Importantly, 

in the presence of GCV similar amounts of viral DNA reached the nucleus (2hpi) in 

CORM- and DMSO-treated cells, confirming that CORM-2 treatment does not 

promote virus delivery to the nucleus. Corresponding to results shown in Figures 2 

and 3, CORM-2 treatment in the absence of GCV resulted in higher viral DNA 

content at later time points (3 and 4 hpi). Thus, these data suggest that TLR4 
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activation affects a phase of KSHV infection post viral genome delivery to the 

nucleus, potentially by inducing expression of ISGs that are dedicated to the 

inhibition of viral transcription/replication. 

!

!Figure 3.7. TLR4 signaling affects a step of KSHV infection beyond capsid delivery to the 

nucleus. A. IFA of iLEC pre-treated with DMSO, CLI-095 or CORM-2, infected with KSHV for 30, 60 or 

120 minutes and then imaged for expression of KSHV ORF65 (green), host actin (red) and DAPI 
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nuclear stain (blue). Cells were maintained at 4°C for the first 30 min and then warmed to 37°C for 60 or 

120 min. Single left panel shows mock-infected cells. Top three panels show DMSO treated iLEC. 

Middle three panels show CLI-095 treated iLEC. Bottom three panels show CORM2-treated iLEC. 

Images were captured at 60X magnification (scale bar = 30µm). B. qPCR for viral DNA in iLEC 

pretreated with vehicle or GCV, in the presence or absence of CORM2, then infected with KSHV. Data 

are expressed as the mean ± SEM (n=3). 

3.5 Discussion 

KSHV infection results in robust expression of the inducible form of heme 

oxygenase, HO-1 both in vivo and in vitro (153). HO-1 is known to be upregulated by 

KSHV not only in stably-infected EC but also during the early phase of de novo 

infection, through two distinct mechanisms (Chapter 2). HO-1 induction during 

latency is associated with downregulation of the HO-1 transcriptional repressor 

BACH1, which is targeted by the KSHV miRNA miR-K12-1 (Chapter 2). Conversely, 

early HO-1 transient induction has been attributed to ROS production and 

consequent upregulation of NRF2, a HO-1 transcriptional activator (274). In the 

present chapter we investigated whether expression of HO-1 in the early stages of 

KSHV infection has any effect on the virus-host interaction and the success of the 

infection process. This was of interest since KSHV binding and entry into permissive 

cells is known to activate several cellular pathways, some of which facilitate infection 

while others activate anti-viral immunity or antagonize this host response. For 

example, KSHV infection triggers activation of several cellular signaling pathways, 

which promote entry and delivery of the virus to the nucleus (83). Concomitantly, 

KSHV infection activates host innate immune responses including theTLR4 pathway 

(175). Here we describe a novel mechanism of TLR4 inhibition in KSHV-infected 

cells, which occurs through induction of cellular HO-1. The HO-1 metabolite carbon 

monoxide has been shown to block TLR4 signaling activation by preventing 
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interaction of TLR4 with its adaptor proteins MyD88 and TRIF (279). Here, we show 

that KSHV infection leads to activation of the TLR4 pathway in endothelial cells and 

that CO is able to partially block its signaling and promote infection. Indeed, cells 

pretreated with a TLR4 inhibitor or with exogenous CO show higher level of viral 

genes and genomes as compared to control cells. Moreover, cells subjected to CO 

exposure show reduced levels of inflammatory cytokines associated with TLR4 

activation. By contrast, cells pretreated with an inhibitor of HO-1 enzyme activity 

show less permissiveness to KSHV infection as well as higher levels of inflammatory 

cytokines, thus suggesting an important role for HO-1 at early stages of KSHV 

infection.   

To further understand the role that TLR4 plays in KSHV infection, we 

investigated which step of KSHV infection is affected by TLR4 signaling. TLR4 

signaling activates a series of pathways that results in transcription of inflammatory 

cytokines and chemokine, as well as in transcription of type I IFN genes. IFNβ 

secretion from infected cells leads to activation of a set of genes, denominated IFN-

stimulated genes (ISGs), which show a variety of antiviral properties (283,284). ISGs 

antagonize the virus by initiating an antiviral program able to act on infected cells and 

neighboring cells. Some of the ISGs induced upon infection are involved in the 

amplification and regulation of the IFN response, including MDA5, RIG-1, and TRIM 

proteins (283). Some other ISGs are involved in antiviral mechanisms that interfere 

with the virus life cycle, example of these are Mx protein, OAS, RNaseL, APOBEC3 

and PKR (283). We showed that pretreatment of cells with CO or with a TLR4 

inhibitor leads promotes KSHV infection. Interestingly, we observed no significant 

difference in the amount of virus that binds, enters or reaches the nucleus. By 

contrast, we detected differences at later time points coincident with viral 
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transcription and viral genome replication. Possibly, CO treatment, by blocking 

TLR4-TRIF-dependent pathways, is able to decrease the magnitude of ISGs 

induced, thus allowing the virus to continue its life cycle and either establish latency 

or spread to neighboring cells. Accordingly, treatment of endothelial cells with an 

inhibitor of HO-1 activity led to an increase in the production of inflammatory 

cytokines and reduced levels of KSHV infection, suggesting that HO-1 plays a role in 

the inhibition of innate immune responses against KSHV. 

HO-1 is highly induced in several cancer types, where it has been shown to 

contribute to tumor progression by promoting cell proliferation, angiogenesis, 

cytoprotection and resistance to chemotherapy (202,210,211). Previous work by Dr. 

Ashlee Moses’ group showing that KSHV-enhanced HO-1 activity could promote the 

growth of KSHV-infected EC provided evidence that HO-1 is a driver of KS 

tumorigenesis (153). In the current study, we show for the first time that HO-1 

induction by KSHV is not only beneficial for KS tumorigenesis, but is also important 

for attenuating critical anti-viral mechanisms. This dual role for HO-1 enhances its 

importance as a therapeutic target for KS. 

3.6 Materials and methods 

Cells and viruses 

Primary adult human lymphatic endothelial cells (LEC) were obtained from Lonza 

(Allendale, NJ). Life-extended iLEC were generated from these cells via transduction 

of a retrovirus expressing the E6 and E7 genes of HPV16 as previously described 

(103). LEC were cultured in EGM-2 medium prepared by supplementing basal 

medium (EBM-2; Lonza) with 10% fetal bovine serum (FBS), penicillin-streptomycin–

L-glutamine (PSG; HyClone, Logan, UT), and additional EC growth supplements 

(EGM-2MV Bullet Kit; Lonza). Epithelial iSLK cells (generously provided by Dr. Rolf 
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Renne at the University of Florida, Gainesville, FL, with kind permission from Dr. Jae 

Jung at the University of Southern California, Los Angeles, CA, and Dr. Don Ganem 

at the University of California, San Francisco, CA) were used to produce stocks of 

recombinant KSHV. iSLK cells were grown in DMEM supplemented with 10% FBS, 

PSG, puromycin (1 µg/ml), neomycin (200 µg/ml), and hygromycin (1.5 mg/ml). The 

KSHV BAC clone BAC16 was kindly provided by Dr. Jae Jung (249). To produce 

stocks of recombinant KSHV, iSLK cells harboring BAC16 were treated with 

doxycycline (1 µM) and sodium butyrate (3 mM) for 72 h. Supernatants were 

collected, clarified via low-speed centrifugation and transferred to ultracentrifuge 

tubes underlaid with 25% sucrose in TNE (150 mM NaCl, 10 mM Tris [pH 8.0], 2 mM 

EDTA [pH 8.0]) for centrifugation at 78,000 x g for 2 h at 4°C. The resulting virion 

pellets were resuspended in TNE. Stocks of BAC16-derived KSHV were titrated by 

infecting iLEC with serially diluted virus preparations. After a 48-h incubation, the 

cells were harvested and evaluated for GFP expression via flow cytometry. Infections 

were conducted using an MOI corresponding to 80% GFP+ iLEC.  

 

Antibodies and other reagents 

HO-1 protein was detected using a mouse anti-HO-1 monoclonal antibody (BD 

Transduction Laboratories, Franklin Lakes, NJ) at concentrations of 1:1,000 for 

Western blotting (WB). An anti-GFP (goat) horseradish peroxidase (HRP)-

conjugated antibody (600-103-215; Rockland, Limerick, PA) was used at 1:2,000 to 

detect GFP. Actin was used as WB loading controls and detected with a mouse anti-

β-actin-HRP antibody at a concentration of 1:100,000 (company). Rabbit anti-total 

TBK1 and phospho-TBK1 were used at 1:1,000 for WB (Cell signaling). Rabbit anti-

IRAK1 was used at 1:1,000 for WB (Pierce). Rabbit anti-ORF65 was kindly provided 

by Dr. Bala Chadran and used to detect viral capsid by IFA at 1:200 dilution. For WB, 
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donkey anti-rabbit (sc-2313; Santa Cruz Biotechnologies) or HRP-conjugated goat 

anti-mouse (Millipore, Billerica, MA) secondary antibodies were each used at a 

concentration of 1:10,000. For IFA, Alexa Fluor 488-conjugated anti-rabbit secondary 

antibody (Invitrogen, Eugene, OR) was used at 1:1,000. Rhodamine Phalloidin 

(Invitrogen, Eugene, OR) was used at 1:40 dilution to detect actin filaments by IFA. 

LPS was used to induce TLR4 signaling at a concentration of 100ng/ml. The TLR4 

inhibitor CLI-095 (Invivogen) was used at a concentration of 3 µM. The HO-1 

inhibitor OB-24 (221) was kindly provided by Dr. Ajay Gupta (McGill University, 

Montreal, Canada) and used at a concentration of 20 µM. Ganciclovir (GCV), a viral 

DNA polymerase inhibitor, was used at a concentration of 200 µM (Sigma). CORM-2 

a carbon monoxide-releasing molecule was used at a concentration of 10 µM 

(Sigma).  

 

Reverse transcription-qPCR assay.  

Extraction of total RNA was performed with RNeasy minikits (Qiagen, Valencia, CA). 

DNase I (Qiagen) digestion was included to remove any contaminating DNA from the 

samples. Total cDNA was generated from these samples with the SuperScript III 

First- Strand Synthesis System (Invitrogen; Life Technologies, Carlsbad, CA). 

Extraction of DNA was performed with Blood and Tissue DNA kits (Qiagen, Valencia, 

CA). The following primers were used for qPCR assays of mRNAs: GAPDH F, 5’-

GAAGGTGAAGGTCGGAGT-3’; GAPDH R, 5’-GAAGATGGTGATGGGATTTC-3’; 

HO-1 F, 5’-GCCCTTCAGCATCCTCAGTTC-3’; HO-1 R, 

5’-GGTTTGAGACAGCTGCCACA-3’; ORF59 F 5’-CGAGTCTTCGCAAAAGGTTC-3’; 

ORF59 R, 5’-AAGG 

GACCAACTGGTGTGAG-3’; IL-1β F 5’- GCCAATCTTCATTGCTCAAGTGT-3’, IL-1β 

R 5’-AGCCATCATTTCACTGGCGA-3’; LANA-1 F 5’- CGCGAATACCGCTATGTAC-
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3’, LANA1 R 5’- CTGGAAGGCCTGAGATAA-3’; K5 F 5’-

ACAAGGACCGTCAATTCGATG-3’, K5 R 5’-TGCCATACCGACGGCC-3’; IL-6 F 5’- 

CCAGGAGCCCAGCTATGAAC-3’, IL-6 R 5’-CCCAGGGAGAAGGCAACTG-3’; IFNβ 

F 5’-ACGCCGCATTGACCATCTA-3’, IFNβ R 5’-TAGTCTCATTCCAGCCAGTGC-3’. 

For detection of genomic targets, the following primers were used: ORF26 F 5’- 

ACGCGAAAGGATTCCACCAT-3’, ORF26 R 5’-TCCGTGTTGTCTACGTCCA-3’; 

GAPDH F GAPDH R 

To perform qPCR assays, 5 µl of cDNA or DNA (typically 10 ng) was mixed with 

gene specific primers and 12.5 µl of Power SYBR green PCR master mix (ABI, 

Foster City, CA) to a final volume of 25 µl. Optimization of primer and sample 

concentrations was performed for all targets. For all qPCR experiments, standard 

curves were set up with the appropriate control samples using a dilution series 

ranging from 100 ng to 3.2 pg of cDNA/DNA. Sample amplification was performed 

with an ABI real-time PCR 7500 system. For relative quantitation experiments, the 

signal for each cDNA/DNA was normalized to GAPDH levels, thereby allowing the 

comparison of message and genomic expression levels in different samples. 

 

Western Blot analysis 

Cells were lysed in radio immunoprecipitation assay buffer (50 mm Tris [pH 7.5], 150 

mm NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 1x Complete inhibitors 

[Roche Applied Science, Pleasanton, CA] and Phosphatase inhibitors), incubated on 

ice for 30 min, and then centrifuged at 13,400 x g for 10 min at 4°C. Cleared 

supernatants were transferred to fresh tubes, and their protein concentrations were 

determined via bicinchoninic acid assay (Thermo Fisher Scientific, Waltham, MA). 

The resulting proteins were separated via reducing SDS-PAGE, transferred to 

polyvinylidene difluoride membranes, incubated in blocking buffer (5% Bovine Serum 
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Albumin in Tris-buffered saline with 0.1% Tween 20 [TBST]) for 1 h with agitation, 

and then probed with the appropriate primary antibody diluted in blocking buffer. 

Blots were then washed three times with TBST, incubated with the appropriate 

secondary antibodies in blocking buffer, and then washed a further three times with 

TBST. Blots were developed with an ECL Advance (check company), and the 

resulting data were captured with G:BOX (Syngene). The images shown are 

representative of two independent experiments. 

IFA and image analysis 

For IFA, cells were seeded onto collagen-coated coverslips (BD Biosystems, 

Franklin Lakes, NJ) in six-well tissue culture plates. At the end of each experiment, 

cells were fixed in 2% paraformaldehyde for 8 min, washed three times in 

phosphate-buffered saline (PBS), and permeabilized in 0.25% Triton X-100 for 8 min. 

Cells were blocked in IFA blocking buffer (20% normal goat serum [NGS] in PBS) for 

20 min at 37°C and incubated with the appropriate primary antibody incubation buffer 

(1% NGS in PBS) for 1 h at 37°C. After primary antibody incubation, coverslips were 

washed three times in PBS and incubated with the appropriate secondary antibody, 

rhodamine phalloidin for actin filaments staining, and the nuclear stain 4,6-diamidino-

2-phenylindole (DAPI) for 45 min at 37°C. Coverslips were then washed three times 

in PBS and mounted on glass slides with Fluoromount-G (Southern Biotech, 

Birmingham, AL). Slides were analyzed with a DeltaVision real-time deconvolution 

fluorescence microscope (Applied Precision, Issaquah, WA), and images were 

captured with a Photometrics CoolSNAP HQ camera. Image analysis was performed 

with SoftWoRx (Applied Precision). Stacks of images (0.2-µm z step) were captured 

at 60X magnification. Stacks were subjected to deconvolution, and two- or three-

section projections were made by superimposing representative z planes to generate 

the final image. Images shown are representative of two independent experiments. 
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Flow cytometry 

Cells to be analyzed via flow cytometry were dissociated from tissue-culture plates 

using the non-enyzmatic Cellstripper reagent (25-056-CI; CellGro/Corning, 

Manassas, VA) and then pelleted at 1800 x g at 4°C for 5 mins. Cells were then fixed 

using 2% PFA, incubated on ice for 15 min, pelleted, resuspended in 1X Washing 

Buffer (1X PBS, 2% normal goat serum, 0.1% sodium azide) and analyzed on a 

LSR2 Flow Cytometer. 

 

Statistical analysis  

Quantitative PCR data is expressed as the mean ± Standard Error of the Mean 

(SEM). Statistical analysis was performed on R Software (R Core Team (2013). R: A 

language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria). One-way ANOVA was used to compare means from 

different groups.   
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CHAPTER 4 

DISCUSSION AND FUTURE DIRECTIONS 

  

KSHV infection of endothelial cells is associated with development of KS and 

results in upregulation of several cellular oncogenes (234). One of the cellular 

oncogenes that is strongly induced by KSHV infection is the heme-degrading 

enzyme HO-1 and HO-1 activity promotes the selective growth of KSHV-infected 

endothelial cells exposed to free heme (153,234). High levels of HO-1 have been 

reported in several types of cancer and the protein has become an attractive target 

for cancer therapy (201,202). Inhibition of HO-1 activity has been shown to decrease 

survival of tumor cells and reduce resistance to chemotherapeutic agents (209). 

KSHV infected cells express high levels of HO-1 in vivo as well as in vitro, while the 

erythrophagocytic nature of KS spindle cells leads to a heme-rich tumor 

microenvironment. These two interesting features prompted us to investigate the role 

of HO-1 expression and activity in KSHV infection. The main two foci of this 

dissertation were a) to investigate the mechanism of KSHV-induced HO-1 

expression and b) to understand the role that HO-1 plays in KSHV infection. I chose 

to perform my studies in lLEC since EC of the lymphatic lineage are considered the 

likely precursors of KS spindle cells (105,106,285). 

4.1 The mechanisms of KSHV-induced HO-1 expression 

The induction of HO-1 in KSHV-infected cells has been associated with 

overexpression of the viral GPCR protein, which is expressed during the lytic phase 

of the virus life cycle (286-288). Dr. Enrique Mesri’s group showed that exogenous 

expression of the vGPCR is sufficient for induction of HO-1 messenger RNA, and 

that inhibiting HO-1 activity interferes with the transforming activity of vGPCR 
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(286,287). In the aforementioned studies, the authors explored the role of one lytic 

protein in the upregulation of HO-1. The vGPCR was not evaluated in the context of 

KSHV infection, and the impact of latent infection was not examined. In Chapter 2, I 

describe my work on the mechanisms of HO-1 induction in KSHV-infected 

endothelial cells. Briefly, KSHV infection results in a bi-phasic induction of HO-1 

represented by an initial, transient peak during early times post infection and a later 

sustained upregulation during latency (Chapter 2, figure 1). Subsequent investigation 

of latently-infected endothelial cells revealed that the miRNA miR-K12-11 encoded 

by KSHV is partially responsible for the induction of HO-1 through downregulation of 

the HO-1 transcription regulator BACH1 (Chapter 2) (147,148). miR-K12-11 has 

been extensively studied for its role in modulating a variety of cellular pathways in 

KSHV-infected cells or when expressed ectopically in isolation (140,155-

157,252,289-291). For example, by targeting IKKε, mir-K12-11 inhibits IRF3/7-

dependent expression of ISGs and prevents the virus from reactivating by blocking 

expression of RTA (156). Interestingly, by downregulating BACH1, miR-K12-11 

significantly increases levels of xCT, a membrane transport protein that exchanges 

intracellular glutamate for extracellular cysteine. This allows for the restoration of 

intracellular glutathione (GSH) and protects cancer cells from oxidative stress and 

cell death (292,293). xCT was also recently identified as a fusion-entry receptor for 

KSHV and may mediate KSHV entry either alone or as part of a complex with other 

receptors (78,294). Since miR-K12-11 regulates a cellular pathway that is involved in 

viral entry and tumorigenesis, it represents a possible therapeutic target for KSHV 

infection and/or tumorigenesis. miR-K12-11 is an ortholog of the cellular miR-155, 

the expression of which is elevated in EBV-infected B-cells, which do not express an 

EBV ortholog (295). Interestingly, a recent paper showed that targeting of the cellular 

miR-155 in EBV-infected cells results in inhibition of cellular growth supporting the 
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hypothesis that miRNAs can be used as targets for cancer therapy (295,296). To 

better understand the role that miR-K12-11 plays in KS tumorigenesis, it is important 

to understand if and how deletion of miR-K12-11 from the virus affects the phenotype 

of infected cells (e.g., proliferation, angiogenesis and migration). Accordingly, at the 

annual international KSHV meeting in 2015, Dr. Rolf Renne presented his recent 

research on the effects of KSHV miRNAs on telomerase-immortalized vein 

endothelial (TIVE) cells (oral presentation, unpublished data). He showed that TIVE 

cells infected with a virus lacking miR-K12-11 display a reduced rate of migration and 

cell division, while angiogenic activity is similar to that of WT-infected cells. It would 

be interesting to study these phenotypes in iLEC cells infected with wild type versus 

∆miR-K12-11 KSHV. In addition, studying phenotypes such as apoptosis and wound 

healing in the presence of the mutant virus would further shed light on the role of 

miR-K12-11 in KS tumorigenesis. TIVE cells and iLEC originated from different 

primary EC, human umbilical vein and lymphatic endothelium, respectively. Because 

KSHV infection of blood cells and lymphatic cells alters different cellular pathways 

(250,285,297,298), it is plausible that different phenotypes would be detected using 

these two cell systems, allowing for a more complete picture of the tumorigenic 

activity of KSHV.  

Because miR-K12-11 is only partially responsible for HO-1 induction during 

latency, it is important to investigate if and how other viral or cellular components 

contribute to HO-1 expression in KSHV infected cells. Along these lines, a recent 

study demonstrated that KSHV upregulates the host NRF2 protein during latent 

infection of EC (257). As mentioned in Chapter 1, NRF2 is a transcriptional activator 

for HO-1 and other genes involve in oxidative stress. More recently, novel target 

genes for NRF2 have been discovered, including the anti-apoptotic Bcl-2/Bcl-xL, 

some members of the proangiogenic HIF-1/VEGF pathway (299), the prometastatic 
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matrix metalloproteinase 9 (MMP9)  (300), members of the proliferative pentose 

phosphate pathway (301), the drug resistance Mrp1 and Mrp2 (302,303), and the 

proinflammatory COX-2 (257). All these genes share the ability to promote survival of 

cancer cells, suggesting that KSHV might also benefit from their upregulation. Thus, 

it will be important to investigate the role of all these genes during KSHV-infection.  

Additionally, a recent publication by Dr. Zhiqian Qin’s group suggests an additional 

viral mechanism of HO-1 induction during latency. The authors showed that 

exogenous expression of KSHV LANA-1 results in HO-1 upregulation in endothelial 

cells (304). In order to determine the role of LANA-1 in HO-1 induction during 

latency, it will be necessary to perform additional experiments in the context of the 

virus. Because only a limited number of viral genes are expressed during KSHV 

latency (305), it would be interesting to evaluate whether other latent genes might be 

involved in HO-1 regulation.  

 In Chapter 2, I demonstrated that KSHV induces HO-1 at very early times 

post infection (between 4-8 hpi) through a mechanism that is independent of miR-

K12-11 and de novo viral gene expression. Interestingly, Dr. Bala Chandran’s 

research group has recently shown that induction of ROS following KSHV infection 

results in the upregulation of several stress-inducible genes, including HO-1, in 

endothelial cells (257). Additionally, they discovered that anti-oxidant treatment prior 

to infection reduces KSHV infection. Interestingly, it has also been shown that 

treatment of latently-infected cells with oxidants (i.e. hydrogen peroxide) promotes 

KSHV reactivation (306), while treatment with anti-oxidants (i.e. N-acetyl-L-cysteine) 

blocks reactivation (306,307). These findings emphasize the critical role of oxidative 

stress in promoting KSHV infection and suggest that ROS inhibitors may be an 

attractive target for KS therapy.  
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4.2 The role that HO-1 plays in KSHV infection 

As mentioned in section 4.1 above, early induction of HO-1 in KSHV-infected cells is, 

at least in part, the result of oxidative stress and upregulation of NRF2 in response to 

early viral sensing (257). Given that several viruses, including KSHV, modulate 

target cells to promote an effective infection, I wanted to investigate the role of HO-1 

in initial KSHV infection of endothelial cells. The results I present in Chapter 3 

suggest that HO-1 induction is responsible for inhibition of TLR4-signaling, therefore 

representing a novel mechanism of KSHV-mediated innate immune evasion in 

endothelial cells (See Figure 4.1).  
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Figure 4.1 TLR4 inhibition by KSHV-induced HO-1. 1. KSHV binds to TLR4 and activates its 

signaling pathway, which leads to transcription of inflammatory cytokines and Type I IFN. 2. IFNβ is 

secreted from the cell and binds to IFNAR, resulting in activation of IFN signaling and transcription of 

IFN stimulated genes (ISGs), which inhibit KSHV infection. 3. KSHV binding to integrins leads to 

activation of several cellular pathways leading to production of ROS and induction of the HO-1 

transcriptional activator NRF2. NRF2 activates transcription of HO-1. 4. HO-1 induction results in 

enzymatic degradation of heme into biliverdin (BV), ferrous iron and carbon monoxide (CO). CO inhibits 

TLR4 signaling by blocking the TRIF-dependent pathway, leading to reduced expression of IFNβ and 

ISGs 5. OB-24, an inhibitor of HO-1 enzyme activity, blocks production of CO and consequent inhibition 

of the TLR4 pathway.  
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Both HO-1 and the heme metabolite CO have been shown to inhibit TLR4-induced 

cytokines and oxidative stress in cells (276,277,281,308-312). In particular, induction 

of HO-1 results in a significant decrease of IL-6, TNFα, CCL2, COX-2 transcription in 

LPS-treated cells (277,312), thereby suggesting a mechanism for inhibiting innate 

immune responses in KSHV-infected cells and neighboring cells. In addition to TLR4, 

CO treatment has led to inhibition of other TLRs including TLR2, TLR5, and TLR9 

(277). Interestingly, CO had no effect on poly(I:C)-induced ROS production and 

TLR3 signaling (277). Because of the promiscuity of CO in regards to the different 

TLRs, it will be critical to investigate whether the phenotype observed in my 

experiments is attributable to the inhibition of TLR4 signaling alone. The data in 

Figure 3.3 show that CO is able to block TBK-1 phosphorylation caused by KSHV 

infection, thus blocking the TLR4-TRIF-dependent pathway; however CO treatment 

shows no inhibition of the TLR4-MyD88 dependent pathway. To determine the 

specificity of CO for TLR4 in our system, experiments should be performed in EC 

treated with different TLR agonists, in the presence or absence of CO. If CO is 

specific to TLR4 signaling, it should not have any effect on the signaling of the other 

TLRs. In order to better understand the inhibitory role of CO on TLR signaling in the 

context of KSHV infection, I propose to evaluate transcription levels of different ISGs 

in the presence and absence of CO. ISGs are the direct mediators of the antiviral 

effect (284) and, as previously mentioned in Chapter 3, they affect different steps of 

the viral cycle. As shown in Figure 3.7, our data suggest that TLR4 signaling affects 

steps of the viral cycle involving transcription and/or translation of gene expression, 

thus suggesting the involvement of ISGs in this phenotype.  

         Only a small subset of TLRs have been shown to be directly activated by 

KSHV infection. These include TLR9 and TLR4; no data are available for the other 

TLRs. Interestingly, TLR3 has been shown to be a target of several KSHV proteins, 
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but the precise role of this PRR in KSHV infection is still unknown. Because TLR4 

and TLR3 share the adaptor protein TRIF and the downstream pathway, it will be 

important to investigate whether CO is able to also block the TLR3-TRIF-dependent 

pathway in the context of KSHV infection. As previously mentioned, CO showed no 

inhibition of TLR3 signaling in macrophages (277), suggesting that the TLR3-TRIF-

dependent pathway should not be affected in the context of CO treatment. However, 

because we focus on endothelial cells and KSHV infection, the same has to be 

validated in our system. It is possible that CO, as showed in the Nakahira et al. paper 

{Nakahira:2006hw}, has a broad inhibitory effect on TLRs, thus constituting a more 

generic mechanism of innate immune evasion (277). Along these lines, it would be 

interesting to evaluate the inhibitory effect of CO on non-TLR PRRs such as the 

nuclear sensors RIG-1, MDA-5, DDX41, DAI, IFI16 and cGAS in the context of 

KSHV-infection. In order to investigate activation of these PRRs in the presence of 

CO, the simplest experiment would be to evaluate the phosphorylation status of IRF-

3. IRF-3 and IRF-7 are key transcriptional regulators of type I IFN-dependent 

responses, which plays a critical role in innate immunity against DNA and RNA 

viruses (313,314). IRF-3 and IRF-7 regulate transcription of type I IFN genes and 

ISGs by binding to an interferon-stimulated response element (ISRE) in their 

respective promoters. In the absence of viral infection, inactive IRF-3 and IRF-7 are 

maintained as monomers in the cytoplasm. During viral infection, IRF-3 and IRF-7 

are phosphorylated leading to their dimerization and nuclear translocation. When in 

the nucleus, the IRF-3/IRF-7 dimer is able to activate transcription of type I IFN and 

ISG genes, promoting innate immune responses against the virus (313,314).   

            Another interesting aspect of CO is its involvement in blocking T-cell 

proliferation (315) and dendritic cell (DC) maturation (311), suggesting that HO-1 

activity also interferes with adaptive immune responses. It would be noteworthy to 
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study whether KSHV-induction of HO-1 has any impact on recruitment of T-cells or 

other immune components to the site of viral infection. Additionally, the effect of HO-

1 should be examined in KSHV-infected B-cells in order to determine if, similarly to 

other antigen presenting cells (i.e. DCs), B-cell maturation is impaired. 

In Chapter 3, I showed that inhibition of HO-1 activity by the small molecule 

inhibitor OB-24 results in a reduced rate of KSHV infection in iLEC (Chapter 3, 

Figure 3.3). These experiments also demonstrated that treatment of infected cells 

with OB-24 results in enhanced expression of IFNβ and inflammatory cytokines, 

supporting the observation that HO-1 blocks innate immune responses. Similar 

results were observed in KSHV-infected iLEC transduced with a HO-1-specific 

shRNA. Moreover, iLEC expressing the shRNA against HO-1 were less permissive 

to KSHV infection as compared to control cells (Figure 4.2).! 

 
 

Figure 4.2 KSHV infection is impaired in iLEC expressing shRNA against HO-1 (shHO-1). On the 

left, top panels: iLEC transduced with control shRNA (control) and infected with KSHV-BAC16 for 2,5,10 

days. Bottom panels: iLEC transduced with shRNA against HO-1 (shHO1) and infected with KSHV-

BAC16 for 2,5,10 day. GFP is shown as marker of infection. On the right: qPCR for KSHV genome in 

supernatants from mock and KSHV-BAC16 infected control iLEC and shHO-1 iLEC at 10 dpi.   
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Additional experiments are required to evaluate how OB-24 treatment affects 

latent infection of iLEC, such as by investigating apoptosis, angiogenesis and 

proliferation of infected cells in the presence or absence of OB-24. As previously 

published by Dr. Moses’ group, KSHV-infected DMVEC treated with another HO-1 

activity inhibitor, CrMP, showed lower proliferation rate compared to cells treated 

with an inactive analog (CuMP) (153). A similar outcome is expected with OB-24-

mediated inhibition, which has the advantage of being a water-soluble compound 

with low toxicity (221). Along these lines, a recent paper showed an inhibitory effect 

of the HO-1 activity inhibitor SnPP using in vitro and in vivo KS model systems (304). 

In an in vitro model of KS, SnPP treatment promoted cell death in KSHV-infected 

endothelial cells. More importantly SnPP treatment in a humanized mouse model of 

KS resulted in reduction of tumor size and decreased KSHV LANA-1 expression in 

the tumor (304). These data confirm that inhibition of HO-1 activity is able to affect 

both KS tumorigenesis as well as KSHV infection. 

While HO-1 clearly plays an important role in KSHV infection and 

pathogenesis, whether HO-1 influences other herpesvirus infections remains to be 

clarified. To date, we have evaluated RRV, which infects macaques and is highly 

homologous to KSHV: RRV infection of iLEC showed no upregulation of HO-1 

mRNA (Figure 4.3).  
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Figure 4.3 HO-1 mRNA levels in iLEC infected with live or UV-inactivated RRV-BAC. HO-1 

message levels in iLEC infected with mock, live-RRV-BAC (live) or UV-inactivated RRV-BAC (UV) for 

either 1h, 2h, 4h or 6h. Data expressed as mean±SEM, n=3. 

 

Similar results were obtained by a previous graduate student in the Moses’ 

laboratory (Dr. McAllister, unpublished data). Because of the homology between 

KSHV and RRV, it is interesting and somewhat surprising that RRV does not induce 

HO-1. One explanation might reside in the uniqueness of the KS microenvironment: 

KS lesions are characterized by disorganized networks of abnormal 

microvasculature, which do not preserve the integrity of the endothelium and allow 

for extensive extravasation of erythrocytes which engulf and destroy by KS spindle 

(tumor) cells. This phenotype is not a feature of RRV-induced retroperitoneal 

fibromatosis (113). Thus, lesions caused by the two viruses likely have a very 

different microenvironment and RRV might not benefit from increased expression of 

HO-1. In addition, it is possible that RRV infection of human endothelial cells does 

not result in a physiological infection: experiments should be repeated in rhesus cells 

for further elucidation. 
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It was recently published that HCMV induces several cellular proteins to 

protect infected cells from ROS and oxidative stress (316). Specifically, the authors 

showed that HCMV does not activate NRF2 and does not increase HO-1 expression 

in telomerized fibroblasts. In contrast, other groups have shown an increase in HO-1 

message RNA and protein expression upon HCMV infection in primary fibroblasts 

(317,318). In order to evaluate the role of HO-1 in HCMV-infected endothelial cells, I 

infected iLEC with an endotheliotropic strain of HCMV (TB40/E) (319). My 

experiments showed that HCMV does not upregulate HO-1 message RNA or protein 

in iLEC.! 

 
Next, I infected iLEC expressing HO-1-specific shRNA with TB40/E. HCMV 

infection was not affected by the downregulation of HO-1, as shown by the 

percentage of GFP+ cells quantitated by flow cytometry, suggesting that the enzyme 

is not involved in HCMV infection, at least in this cell type (Figure 4.4).!  

  
 

Figure 4.4 HCMV TB40/E infection in iLEC.  Infection of iLEC expressing a control shRNA (578) or 

shRNAs against HO-1 (combo) with HCMV TB40/E for 7 d. Flow cytometry was used to determine the 

percentage of GFP positive cells in mock-infected cells (red), TB40/E infected control (blue) or TB40/E 

infected combo (green). 
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Because HO-1 is highly upregulated during KSHV latency in endothelial cells, 

it would be informative to investigate HO-1 upregulation in latent reservoirs for 

HCMV such as monocytes (320), and compare these results to the findings observed 

in fibroblasts and endothelial cells. To fully understand the role of HO-1 in herpesviral 

pathogenesis, additional experiments should be performed with other species. 

However, it is possible that the promotion of viral infection by HO-1 is specific to 

KSHV, due to the unique heme-rich environment of KS tumors. 

 Since HO-1 and oxidative stress play such a critical role in KSHV infection 

and tumorigenesis, I propose that the use of HO-1 inhibitors in combination with anti-

oxidants might be a possible therapy for KS and/or to reduce KSHV infection in 

patients. The two components of the therapy will, on one side, prevent viral 

reactivation and inhibit active replication and, on the other side, inhibit the tumor by 

downregulating cellular genes involved in tumorigenesis. 

 

 

! !
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APPENDIX I 

VIRAL PURIFICATION AND TITRATION 

 

In order to investigate the mechanisms of early HO-1 induction in KSHV infected 

EC, I decided to performed experiments with replication-deficient viruses. “Inactive” 

viruses still have the ability to bind and enter in the target cells without resulting in a 

productive infection. UV-inactivation is one method used to obtain a replication-

deficient virus. However, UV-inactivated viruses have some disadvantages because 

they still contain the (cross-linked) viral genome, which can potentially trigger innate 

immune responses (also important for TLRs studies) and additionally, viral proteins 

are also cross-linked during the process, thus complicating the interpretation of my 

results. Interestingly, KSHV production in vitro results in a combination of immature 

and mature capsids defined A-, B- and C-type capsids. A and B capsids are 

immature forms and do not contain any viral genome (321,322). They can be 

distinguished from one another for the presence of the scaffolding protein (SCAF) 

contained in B capsids only. Thus, I decided to use B capsids as a source of 

replication-deficient virus, and C capsids as my infectious virus population. In order 

to obtain the three individual types of capsids, the virus obtained from producer cells 

(iSLK) underwent through three purification steps, using a modified version of the 

protocol described by Dr. Ke Lan’s group (255). The first step involved a 

centrifugation at 78,000 x g for 2 hours at 4°C, using a sucrose cushion (see Material 

and Methods in Chapter 2). The resulting virus pellets were then resuspended in 

TNE. The second step involved virus purification on discontinuous gradient. OptiPrep 

(60% iodixanol in water, Sigma Aldrich) was used to create a discontinuous gradient 

from 20% to 50% iodixanol, with a 5% step. After loading each dilution on an 
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ultracentrifuge tube, the resuspended viruses were loaded at the top of the tube and 

centrifuged for 4h at 78,000 x g at 4°C. After centrifugation, three different bands 

were visible for each virus representing the A, B and C capsids (shown in Figure 

A.1). The third step involved isolating each virus population by individually aspirating 

each band using a syringe. After that, the viruses were purified using a tabletop 

ultracentrifuge at 78,000 x g for 2 h at 4°C. The resulting pellets were then 

resuspended in TNE and stored at -80°C.  

 
 

Figure A.1: Virus purification using density gradient. Top two figures show the density gradient with 

the separation of the three bands representing the A- B- and C-type capsids for KSHV-BAC16-WT 

(WT), KSHV-BAC16-Δ12-1 (Δ12-1) and KSHV-BAC16-Δ12-11 (Δ12-11). 

 

In order to confirm the purity of each band, detection of viral genome was performed 

by qPCR on each capsid preparation. As shown in Figure A.2, KSHV genome was 

detected in C capsids only.  

   

A 
 
B 
 
C 
 

Density 
gradient A 

B 
C 

WT Δ12-1 Δ12-11 

Capsid type  MCP, SCIP 
 and TRI-1,2 SCAF dsDNA 

A yes no no 
B yes yes no 
C yes no yes 



! 128!

!

! In order to infect iLEC with equal numbers of virus particles, we decided to 

normalize the infection to KSHV tegument protein ORF45. As shown in Figure A.3, 

equal volumes (10 µl) of each preparation were loaded on protein gels and 

subsequently incubated with an anti-ORF45 antibody (2D4A5-Abcam). Interestingly, 

KSHV WT virus and the two miRNA mutant viruses (d12-1 and d12-11) appeared 

different for each of their three capsid populations. For example, in the WT 

preparation the mature capsids are the predominant ones as opposed to the miRNA-

K12-1 mutant preparation where the three capsids are present in equal proportions.  

To calculate the amounts of virus needed for the experiment, the infection was 

normalized to “equal ORF45 levels” by quantifying each ORF45 band by 

densitometry. 

Figure A.2: qPCR for KSHV genomes in the virus preparations. qPCR for ORF26 DNA in a 100ul of 

virus preparation for KSHV-BAC16-WT (WT), KSHV-BAC16-Δ12-1 (d12-1) and KSHV-BAC16-Δ12-11 

(d12-11).  Three different preparations were tested for each virus, representing the three bands for A-

type capsids (A), B-type capsids (B) and C-type capsids (C).  
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Interestingly, iLEC infected with either mature (C-type) or genome-devoid (B-

type) viruses showed upregulation of HO-1 (Figure A.4), either in the presence (WT) 

or absence of the miRNAs (d12-1 and d12-11). These results supported the 

hypothesis that HO-1 induction is indeed due to a component of the virus particle 

regardless of de novo viral gene expression and miR-K12-11. 
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Figure A.3: WB for ORF45 in the different virus preparations. Equal volumes of each virus 

preparation was loaded on a protein gel. Three different preparations were tested for each virus, 

representing the three bands for A-type capsids (A), B-type capsids (B) and C-type capsids (C). Each 

virus is represented by KSHV-BAC16-WT (WT), KSHV-BAC16-Δ12-1 (d12-1) and KSHV-BAC16-Δ12-

11 (d12-11). WT+CTRL: standard preparation as control. The blot was then stained for KSHV 

tegument protein ORF45. MW: Molecular weight. 

Figure A.4: qPCR for HO-1 mRNA in iLEC infected with B- capsids or C-capsids.  iLEC were 

infected with KSHV-BAC16-WT B-type capsid (WT B) or C-type capsid (WT C), with KSHV-BAC16-

d12-1 B-type capsid (d12-1 B) or C-type capsid (d12-1 C), or with KSHV-BAC16-d12-11 B-type capsid 

(d12-11 B) or C-type capsid (d12-11 C) for 4 h (light grey) or 6 h (dark grey). 
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