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Abstract: Oncogenic and latent-persistent viruses belonging to both DNA and RNA groups are
known to cause serious metabolism alterations. Among these, the Human Herpesvirus 8 (HHV8)
infection induces stable modifications in biochemistry and cellular metabolism, which in turn affect
its own pathological properties. HHV8 enhances the expression of insulin receptors, supports
the accumulation of neutral lipids in cytoplasmic lipid droplets and induces alterations in both
triglycerides and cholesterol metabolism in endothelial cells. In addition, HHV8 is also known
to modify immune response and cytokine production with implications for cell oxidative status
(i.e., reactive oxygen species activation). This review underlines the recent findings regarding the role
of latent and persistent HHV8 viral infection in host physiology and pathogenesis.

Keywords: virus–host interaction; cell metabolism; virus infection; human herpesvirus 8; diabetes
type 2

1. Introduction

The Human Herpesvirus 8 (HHV8), also known as Kaposi’s sarcoma-associated Herpesvirus
(KSHV), is the most recently identified Herpesvirus found in tissue samples from immunodeficiency
syndrome-associated Kaposi’s Sarcoma (KS) lesions by Chang et al. [1]. Following its discovery,
HHV8 was also identified in other lymphoblastic diseases, namely primary effusion lymphoma (PEL)
and Multicentric Castleman disease (MCD) [2]. Although KS is a rare disease, it has become more
frequent in acquired immune deficiency syndrome (AIDS) and immunosuppressed patients, such
as transplantation recipients [3]. Together with the Epstein Barr virus (EBV), with which it shares
several features, HHV8 has a specific tropism for B-lymphocytes and endothelial cells [3]. Just like
other Herpesviruses, HHV8 is characterized by a biphasic life cycle consisting of an acute phase
during primary infection and a subsequent latent phase that involves the expression of very few genes
and which may persist throughout the life of the host [4]. Although a limited number of antigens
are expressed during latency, HHV8 efficiently accomplishes some important biological functions,
including modifying cellular physiology, with the relevant biochemical and pathological implications
that occasionally lead to typical malignancies such as KS and PEL. Because of this, the mechanisms
that control virus latency may represent a crucial target for the eradication of the latent infection
and for the design of specific drugs that could cure the typical chronic HHV8-related disorders.
Although the virology, molecular biology and pathogenicity of HHV8 have been properly dealt with
by others [2,3,5–7], this review wishes to mainly focus on lesser known aspects of HHV8 infection by
remarking on the recent findings related to host metabolic alterations associated with the latent infection
that, in turn, confers the specific behaviour and viral properties at the base of the pathogenicity.
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2. Virology and Molecular Biology of HHV8

HHV8 is a DNA virus with a 170 Kb double-stranded genome that comprises 75 genes; some of these
are also common to other Herpesviruses while others, identified from K1 to K15, are HHV8-specific. In
addition, apart from several viral microRNAs found to be expressed during the latent phase [8–13], a fair
number of HHV8 genes code for proteins that are homologous to cell proteins, a phenomenon known
as “gene pirating” [14]. HHV8, which belongs to the Rhadinoviridae genus in the Gammaherpesvirinae
subfamily, has B-lymphocytes as the cell reservoir. Thus, several cell lines of lymphatic origin (e.g., BC3
and BCBL1) obtained from patients suffering from pleural lymphoma have been extensively used as a
virus source for research on exposition to phorbol ester (TPA), which induces the lytic phase and the
subsequent production of infectious viral particles. HHV8 does not show a clear cytolytic effect during
the lytic phase and thus, molecular methods are needed for its detection (e.g., PCR amplification of
specific genes such as the latency factor LANA, or immunostaining of the surface antigen K8.1) as
detailed by Gao et al. [15], who also set up a very efficient cellular model of infection and viral lytic
replication using the BAC36 strain and human umbilical vein endothelial cells (HUVEC). This model
allowed the lytic-latent phases to be defined, showing that virus production starts at day 1–2 and lasts
until 10–15 days post infection, after which it enters into a latent state as an episome bound to the
cellular DNA-associated histones where it could remain for the entire lifespan of the host [3,15,16].
During the latent infection, HHV8 induces significant alterations in cell physiology and biochemistry
including the modification of cellular permeability, resistance to toxic drugs, increased resistance to
stress conditions, enhancement of glycolysis and increased expression of insulin receptors (IRs) [17–19].
All these “acquired” properties and conditions may lead to cell transformation and oncogenesis such
as KS and neoplastic induction of lymphoma cells [16,20]. Unfortunately, during the latent phase,
HHV8 is not blocked by conventional anti-Herpes drugs, such as the nucleoside analogous acyclovir,
since they specifically inhibit the virus production occurring in the lytic phase. However, several
compounds have recently been described as being able to affect the latency of Herpesviruses [21]. In
particular, Paul et al. [22] demonstrated that a known sulfone drug, namely nimesulide, can affect
HHV8 latency by interacting with its binding to cell DNA. In addition, some sulfonamide drugs have
recently been shown to be able to interfere with the binding of LANA to the cellular DNA [23]. It is
worth noting that several other DNA (e.g., Adenoviruses and Herpesviruses) and RNA (e.g., Rubella,
Dengue virus, Enteroviruses, Hepatitis C virus and HIV) viruses were found to be able to affect the
host’s metabolism favouring not only the onset of tumours but also some other chronic diseases,
namely metabolic syndrome and diabetes [4,24–29].

2.1. Lytic HHV8 Infection

The lytic phase of HHV8-infection, which permits the virus to actively replicate with the
efficient production of progeny virions, requires the consecutive expression of the immediate-early
proteins mainly including transcription factors and regulators, followed by the early and the late
proteins, which allow viral genome replication and complete virion morphogenesis. Among these,
the viral interferon regulatory factor-1 (vIRF-1), encoded by orfK9 and mainly produced during
the lytic phase of viral replication, exhibits an opposing activity to the host’s interferon inhibiting
virus-induced apoptosis [30–35]. Moreover, an important “pirated” factor is the viral GPCR (similar to
cell G-protein-coupled receptor) transcribed by orf74 in the lytic phase of HHV8. vGPCR is fundamental
for endothelial cell transformation and angiogenesis in KS [14,36–40]. Furthermore, it has been
suggested that two out of the 25 microRNAs of HHV8, namely miR-K12-10 and KSHV-miR-K12-12,
which are expressed more during the lytic phase than in the latent one, play an important role during
viral replication or during the initial step in de novo infections [41].
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2.2. Latent HHV8 Infection

In the latent state the HHV8 genome is bound to cell DNA in an episome form (defined as
cell-virus tethering) which involves several factors, namely cellular histones, viral latency-associated
nuclear antigen (LANA) and others, such as cell protein 53 (p53) and heat shock proteins [2,20,42].
Although the latent virus expresses a limited number of genes, these are extremely important in
maintaining the latent state and also in inducing oncogenic transformation. Among these, a crucial
role is played by the LANA, encoded by orf73, which is fundamental for maintaining the latent state
during virus infection in permissive cells, by means of its interaction with the p53 regulatory cell
protein, hence affecting cell reproduction and apoptosis. LANA has been reported as being one of the
most important proteins for cell transformation and oncogenesis in endothelial and epithelial cells [43].
Besides LANA, the orf71 encodes for viral FLICE inhibitory protein (vFLIP) that shows homology
with the cellular FLIP (Fas-associated beta-convertase enzyme). vFLIP inhibits apoptosis and has
an important role in cell transformation and tumour induction. vFLIP also acts as a chaperone for
binding the heat shock protein 90 (HSP90) to the LANA-cell DNA complex [44–46]. Kaposines A,
B and C are viral proteins produced by orfK12 mainly during the viral latent phase, with Kaposin
B being the most abundant as compared to A and C. Kaposines are believed to play a role in cell
transformation and cytokine functions [47]. The orf72 encodes for viral cyclin (vCyclin) and orf1 for K1,
which is a glycoprotein involved in cell membrane function [48,49]. K1 is a very important protein
for modifying host cell metabolism, since it enhances the production of angiogenic factors such as
VEGF (vascular-endothelial growth factor) and activates the PI3K/AKT/mTOR cascade, thus playing a
significant role in oncogenesis and in the production of the typical angiogenic lesions of KS [50,51].
Viral Interleukin-6 (vIL-6) encoded by orfK2, which is a homolog of cellular IL-6, is important for viral
oncogenesis and the expression of angiogenic factors [52]. Moreover, during latency, the genes for the
K1, K15 (orf75) proteins and vIL-6 are expressed in low amounts as some microRNAs [9,10]. HHV8′s
miRNAs, transcribed from a ~4 kb noncoding sequence located between the orfK12 and orf71 genes,
have been reported to inhibit the apoptosis of latently-infected cells by targeting apoptotic genes, and
to enhance immune evasion and viral pathogenesis by regulating host immune responses [41]. Finally,
HHV8 can occasionally re-enter the lytic phase from the latent state by means of the activation of the
replication and transcription activator (RTA) gene orf50 which, beyond the transcriptional regulation
and activation of lytic DNA replication, also induces proteasome-mediated degradation of both cellular
and viral proteins by its ubiquitin E3 ligase activity [53–55].

3. HHV8 Infection, Physiological Alterations and Pathogenesis

3.1. Endothelial Cells: Glycolysis, Warburg Effect and Oncogenesis

The induction of fatty acid synthesis and glycolysis, which represents the main source of ATP in
cancer endothelial cells, is also believed to be involved in mechanisms related to energy production
and cell-membrane morphogenesis, as well as cell growth stimulation and maintenance of the division
rate [56,57]. More specifically, HHV8 latent infection has been reported as being characterized by the
Warburg effect, which is a typical metabolic alteration in tumour cells consisting of the enhancement of
aerobic glycolysis, an increase in the production of lactic acid and a consequent reduction of oxidative
phosphorylation [17,58,59]. This phenomenon, which is common to most cancer cells, seems to be
necessary for tumour transformation and malignant cell survival, as well as for HHV8 latency and
oncogenesis in permissive cells, such as the endothelial ones which are the most relevant in KS lesions.
Delgado et al. [17] suggested that the Warburg effect is crucial in creating the favourable conditions for
initial tumour formation by microenvironment acidification that impairs immune system response and
efficiency. Interestingly, the use of the immunosuppressive drug Rapamycin, which inhibits the mTOR
pathway, is able to prevent glycolysis and can activate cell apoptosis in transplant recipients [17].
Moreover, it has been shown that most of the 200 metabolites studied undergo the same kind of
alterations as cancer cells in HHV8 infected endothelial cells (see also Table 1). These include the
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increase in long-chain fatty acid synthesis and lipid accumulation in cytoplasmic lipid droplets (LDs),
both of which are required for the biogenesis of cell membranes and for HHV8 latency in infected
cells. The drugs that inhibit this pathway were able to cause cell apoptosis, providing clear proof
that oncogenic viruses can modify cell metabolism [25,60] and mitochondrial phosphorylation [61].
In addition, in a recent work Wu et al. [62] stated that both cancer and diabetes could be associated
with altered lactate metabolism. Another important finding was reported by Rose et al. [63] who
found an increased expression of IRs in HHV8-latently infected cells. Moreover, latently infected
cells are less affected by metabolic stress and drug toxicity [19], and show an increased vascular
permeability [64]. Subsequently, Ingianni et al. [65] found that IR expression seemed to be normal
or slightly enhanced in lytic infection, whereas an increase was already evident after 2 weeks with a
remarkable over-expression of up to 130% in the late latent infection as compared to mock-infected cells.
IR over-expression and the increase of insulin binding after HHV8 infection led to some important
modifications in glucose metabolism which was normal or slightly depressed during lytic infection
but showed an increase of up to 140% in uptake during latency. However, the biochemical basis
of these metabolic alterations is not well understood. Guilluy et al. [64] and Gregory et al. [66]
reported that HHV8 can trigger the PI3K/AKT/mTOR cascade in HUVEC cells and that this pathway
is necessary for cell metabolism and progression. In addition, Caselli et al. [67] reported that HHV8
infection is fundamental in promoting pathogenic angiogenesis and inflammation. Angius et al. [60]
performed a series of experiments to understand the role of HHV8 infection in glucose and lipid
metabolism in HUVEC cells. They found an enhancement of triglyceride (TGs) synthesis during the
lytic infection and normal, or slightly decreased, cholesterol esterification, whilst conversely during the
latent phase of infection, TGs synthesis was sharply reduced and a strong increase in cholesterol ester
(CEs) production was observed. Both TGs and CEs are synthesized and then stored in cytoplasmic
LDs, which are considered to be a platform for viral morphogenesis and particle assembly for several
viruses (namely HBV, GBV-B, and Dengue viruses) [60]. A remarkable increase in LDs was detected in
the course of the infection from the lytic to the latent phase. Moreover, CEs seem to be required for the
neo-angiogenesis that is typical of HHV8 pathogenicity in endothelial cells, representing one of the
main causes responsible for the remarkable metastatic potential of KS lesions. Indeed, compounds that
block the formation of CEs were found to inhibit the formation of new vessels [17,57,60,61,66]. These
results support the finding that TGs synthesis and LD increase are necessary during viral replication.
However, during HHV8-latency, LD content is mainly constituted by CEs, as indicated by the high rate
of cholesterol esterification. High CEs and an increase in cholesterol esterification are often reported in
cancer cells [68]. The storage of CEs in the LDs has been related to the increased amount of cholesterol
required by malignant cells for membrane biogenesis and neo-angiogenesis [60]. Moreover, CEs have
also been correlated to the severity and metastatic activity of prostate cancer [69]. As a matter of
fact, angiogenesis is the major effect induced by HHV8-chronic infection and it is still present even in
low-serum conditions [70]. In addition, the specific inhibition of CE synthesis was followed by a strong
reduction of micro-tubules in latently infected cells [60]. Therefore, CEs seem to be strictly related to
angiogenesis in the latent infection, suggesting that neutral lipids may be involved in controlling the
malignant process and progression. All these findings lead to the conclusion that the enhancement of
insulin binding, increased glucose uptake and the activation of other metabolic pathways may give
the infected cells a metabolic advantage in terms of cell multiplication and neo-angiogenesis, and
that cholesterol esterification inhibitors could be a valuable therapeutic tool for HHV8-associated
malignancies [60].

3.2. HHV8 and Cyclooxygenase: Induction and Suppression of Immune Reaction

In a previous work, Sharma-Walia et al. [71] reported an enhanced production of Cyclooxygenase
2 (COX-2) in HHV8 infected endothelial cells and KS tissues. COX-2 was found to be important for
cytokine production, cell survival and anti-apoptosis activity in HHV8 infection. Moreover, they
demonstrated that the use of COX-2 inhibitors reduced HHV8 latency suggesting that anti-COX-2 drugs
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could be used to control HHV8 infection in KS. Although HHV8 infection in vitro can induce stable
modifications in endothelial cell metabolism, the in vivo immune system tries to face HHV8 replication
and diffusion by inducing a specific humoral and cellular immunological response [17,27,60,61,65].
B-lymphocytes, the main target of HHV8 infection, represent the viral reservoir and carry the
virus to other body tissues. Upon infection B-lymphocytes induce several impairments of the
immune system due to vIL-6 production and the induction of chronic inflammation [51,66,72].
Recently Li et al. [73] found that vIL-6, mainly localized in the endoplasmic reticulum, has a pivotal
role in viral metabolism, viral lytic replication and enhancement of cell growth. It also contributes
to HHV8 infectivity and pathogenesis by the stimulation of cell multiplication and induction of
neo-angiogenesis. Interestingly, these authors stated that vIL-6 can regulate infected cell metabolism
by upregulating mannose-6-phosphate activity. As a consequence, HHV8 was able to down-regulate
immune-system function by inhibiting or silencing specific immune responses, thus favouring virus
pathogenicity and spread. Caselli et al. [67] also found that HHV8 infection is important for promoting
in vivo inflammation and angiogenesis in HHV8-induced lesions. Overall, the activation of COX-2 and
production of vIL-6 may confer a strong physiological advantage on HHV8-infected cells favouring
the malignant progression in clinical KS.

Table 1. Modification of some biochemical parameters in HHV8 infected endothelial cells.

Metabolites HHV8 Lytic Infection HHV8 Latent Infection

* Cholesterol esters − +++
** Fatty acids ++ −

** Spermidine − ++
** 7-beta-hydroxycholesterol − +

** Mannose-6-phosphate − ++
* Glucose uptake − +++

** phospho-enol-pyruvate − +++
** 6-phosphogluconate − +

* Triglycerides +++ −

* from Angius et al. [60]; ** Delgado et al. [25]. The sign −means a normal or a slight decrease of the metabolic
parameter as compared to control; the signs +, ++ and +++ indicate a progressive increase of the metabolites in
infected cells versus uninfected controls.

3.3. Immune Response and Cell Metabolism

Although HHV8 can cause frequent and severe sarcoma or other lympho-proliferating diseases
in immune-depressed subjects, it is generally constrained to the latent phase in order to escape
adaptive immunity. It has also been reported that HHV8 together with the activation of both humoral
and cellular immunity, as well as the induction of cytokines and reactive oxygen species (ROS),
induces persistent metabolic modifications in the infected endothelial cells [60,66,74–78]. Recently,
Angius et al. [24] corroborated previous evidence [63,65] and also found that the anti-HHV8 immune
response can further enhance the uptake of both glucose and insulin in latently infected endothelial
cells, strengthening the hypothesis that anti-HHV8 antibodies provide additional support for virus
persistence in the host [24]. The vGPCR and K1 proteins are present in a significant amount in the
membranes of infected cells, whereas other proteins are preferentially localized in the cytoplasm and
the nucleus. Moreover, these proteins are known to activate the PI3K pathway in latently infected BC3
lymphoblastic cells, thus enhancing HHV8 pathogenicity. It is noteworthy that PI3K has been reported
to stimulate the membrane glucose transporter GLUT4 [24]. Also, mainly anti-lytic phase antibodies
were significantly increased in diabetes type 2 (DMT2) patients, whilst anti-latent phase antibodies
were not [24,79]. The latter authors studied the role of specific anti-HHV8 antibodies in the uptake and
metabolism of insulin and glucose by HHV8-infected human endothelial cells. They used various
biochemical and molecular methods to detect the expression of the pPI3K complex and the insulin
and glucose uptake by HUVEC cells. They found that HHV8 induced an increase in both insulin and
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glucose uptake in HHV8-infected cells. Surprisingly, they also discovered that anti-HHV8 antibodies
could selectively induce a further increase in insulin and glucose uptake in the latent HHV8-infection.
These authors finally suggested that the immune response to HHV8-infection was able to stimulate cell
metabolism by inducing an increased insulin and glucose uptake in virus infected cells, as generally
happens in several tumour-viral infections [24]. As a matter of fact, when anti-HHV8 antibodies were
added to endothelial cells during HHV8 latent infection, a further increase in pPI3K expression and
in insulin and glucose uptake was observed. In sum, these authors hypothesized that anti-HHV8
antibodies may trigger the PI3K pathway by binding to some surface viral epitopes (e.g., K1, vGPCR),
inducing a further enhancement of insulin and glucose uptake, thus enhancing HHV8 growth rate
and pathogenicity.

3.4. HHV8 Prevalence in Chronic Diseases

The findings that HHV8 latency is characterized by persistent modifications in endothelial cell
metabolism have led some authors to hypothesize a possible involvement of HHV8 infection in
the development of a diffused chronic human disease such as DMT2 [65,75,78–82]. Although KS is
considered a rare disease, HHV8 infection has been found to have a high prevalence in some countries,
namely in the Mediterranean and African regions [81–83]. Ingianni et al. [81] were the first authors to
demonstrate a strong epidemiological correlation between HHV8-infection and DMT2 patients in a
Southern Italian region. Subsequently, Sobngwi et al. [82] reported a significant correlation between
HHV8-infection and ketosis-prone diabetes in sub-Saharan Africa, where HHV8 is highly prevalent.
Ingianni et al. [65,81] showed that about 50% of DMT2 patients were infected with HHV8, as compared
to a prevalence of about 8–12% in the controls. Sobngwi et al. [82] also showed that HHV8 was able to
infect pancreas β-cells, and HHV8 proteins were detectable in islet cells. They concluded that HHV8
could be associated to DMT2 since it infected pancreas β-cells, thus impairing insulin production.
Piras et al. [79] have shown that HHV8 was the only Herpesvirus to be significantly correlated to DMT2,
confirming this association in the Sardinian diabetic population. Furthermore, they described a HHV8
genotype with relevant genomic differences in the orf26 and K1 genes (referred to as a “new-type”),
when the isolated virus from DMT2 patients was compared to that from healthy volunteers and
wild-type virus strains. Moreover, it has been reported that classic KS is more frequent in diabetics than
in the normal population [84], raising the question as to whether diabetes facilitates KS or, conversely,
whether HHV8 may be a risk factor for DMT2 [63,65,69,85,86]. Furthermore, Caselli et al. [75] reported
a high prevalence of HHV8 specific killer-cell immunoglobulin-like receptor (KIR) allotypes in DMT2
patients. DMT2, a chronic multifactorial disorder, is a frequent complication in the elderly and
represents a life-threatening social disease that affects about 6–8% of the world population. Besides the
recognized risk factors such as genetics, nutrition, familiarity and environment, increasing evidence
indicates that persistent microbial and viral infections may also cooperate in the development of
chronic diseases like diabetes. To the best of our knowledge, to date, only HCV and HHV8 viruses
have been associated to DMT2 on a biological and epidemiological basis [25,60,61,65,76,78,79,82,87,88].
In particular, HCV has been reported as causing diabetes by its direct action on liver metabolism and
also by the activation of a specific immune response that may cause tissue damage, whereas a strong
epidemiological association with HHV8 has been described in the last decade [65,75,78,81,82,86]. In a
recent paper, Lontchi-Yimagou et al. [89] studied insulin secretion in HHV8-positive and -negative
sub-Saharan African subjects with DMT2. In the diabetic population, they did not find any significant
differences in metabolic parameters between patients with or without HHV8 antibodies. Yet, they found
that some general metabolic parameters, namely HOMA-β, C-peptide levels and BMI, were lower in
HHV8-DNA positive compared to HHV8-DNA negative DMT2 patients. Conversely, concentrations of
LDL and total cholesterol increased in HHV8-DNA positive DMT2 compared to controls. TGs were also
found to be increased in subjects with antibodies to HHV8 compared to those lacking HHV8-specific
antibodies. The authors speculated that HHV8 can directly infect β-pancreatic cells followed by a
decreased insulin secretion. In addition, the possible reactivation of the lytic virus infection can cause
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severe inflammation with a loss of β-pancreatic function [82]. Indeed, in HHV8, the switch from the
lytic phase to latent replication is associated with a decrease in specific pancreas inflammation, with
better insulin secretion and an improvement of β-pancreatic cell function. Moreover, the dysfunction
of endothelial cells has been involved in the pathophysiology of metabolic diseases and DMT2 [90,91],
and endothelial dysfunction is believed to contribute to the clinical expression of atherosclerosis
and other complications of diabetes [92]. Overall, several findings have led to the hypothesis that
HHV8 could be implicated in inducing some metabolic alterations, such as the increase of insulin
binding and glucose uptake, which may be the initial event for activating the metabolic syndrome and
diabetes [60,77,78,81,82,89,93]. It is commonly accepted that insulin hyper-secretion is considered a
triggering cause of diabetes, and the discovery of the causes that are linked to insulin hyper-secretion
is fundamental in the design of specific diabetes treatment [94,95]. The hypothesis about a possible
association between HHV8 and DMT2 requires more and definite in vivo demonstrations to be
confirmed. However, if this hypothesis were true, it would open a new intriguing and impactful path
of research.

3.5. HHV8-Infection and Oxidative Stress

Latent viral infections may induce the activation of adaptive immunity with the increased
production of cytokines and ROS [60,74,77,87,96]. Furthermore, the production of ROS is often
accompanied by glycolysis, and reliance on ROS production is found to cause a reduction in anaerobic
metabolism [90,97]. Bottero et al. [74] reported that during the early phase of endothelial cell infection,
HHV8 shows an increase in viral vGPCR expression and in ROS production, with a consequent
down-regulation of both innate and acquired immunity. vGPCR expression also induces ROS
production in uninfected cells with an enhancement of NOX activity. Moreover, the treatment of
HHV8-infected cells with the antioxidant drug N-acetylcysteine (NAC) inhibited HHV8 infection
and gene transcription [74]. It should be noted that KS oncogenesis and ROS production have been
associated with supporting cell proliferation and angiogenesis during the HHV8 lytic cycle [98]. In
addition, inflammation and abnormal ROS production can induce endothelial dysfunction which may
represent a risk factor for metabolic syndrome, hypertension and cardiovascular complications causing
vascular or degenerative diseases [66,75]. In actual fact, recent studies have suggested a physiological
role of cellular metabolism in vessel sprouting, and endothelial cells are generally dysregulated in
pathological conditions and cancer [99]. Very recently, Incani et al. [77] corroborated the assumption
that DMT2 is associated to plasma oxidative stress [100], and a similar condition has also been reported
in HHV8-infected subjects wherein the HHV8-infection, by inducing abnormal ROS production, most
probably contributes to causing and/or maintaining a status of oxidative stress [77] and hence tissue
damage. As a consequence, plasma lipid oxidation contributes to endothelial cell dysfunction, which
characterizes the onset of atherosclerotic plaque and blood vessel disorders [64,74,101–103].

4. Concluding Remarks and Future Scenarios

As already stated, one of the most peculiar features of HHV8 infection is its tropism for endothelial
cells and B-lymphocytes. While chronic infection of B-cells can lead to an impairment of the immune
response [66], despite favouring the persistence and spread of the virus, the infection of endothelial
cells may have a profound effect on the host’s metabolism, since it is strictly involved in the first step
of food processing and in lipid metabolism [90]. Several studies indicate that endothelial dysfunction
can be implicated in metabolic disorders and even in DMT2 [90,94,95]. In particular, in HHV8-infected
endothelial cells, ATP production is mainly accomplished by glycolysis as often happens in tumour
cells; interestingly, anaerobic metabolism is also accompanied by enhanced ROS production which
has been found to be involved in atherosclerosis, insulin resistance and diabetes. In addition, it has
already been reported that ROS may also have a direct fundamental role in the metabolic modification
leading to DMT2, and agents that increase or generate ROS can stimulate basal insulin secretion [94].
It is worth noting that insulin resistance has been reported to be at the basis of DMT2, and that all
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the factors that induce hyper-insulinemia may cause insulin resistance [94,104]. Recent research on
HHV8 infection has revealed that IRs are over-expressed, enhancing glucose uptake and utilization,
and TGs synthesis is increased during the lytic phase of infection facilitating virion morphogenesis
and vessel neo-angiogenesis; during the latency phase, the virus switches to an increased synthesis of
the CEs required for tumour cell transformation and multiplication. Therefore, it seems that the virus
has evolved in order to express a very limited number of genes essential for latency, angiogenesis and
cell transformation. However, we are still far from elucidating exactly how the host reacts. Primarily, it
tries to produce humoral immunity, but the antibodies are not able to neutralize the intracellular virus,
and de facto they seem to further support viral persistence by over-stimulation of IR expression and
enhancing glucose uptake. At the same time, cellular immunity is affected by the chronic infection
of the B-lymphocytes which are unable to get rid of the hidden virus. All these conditions allow
the virus to efficiently persist throughout the host’s lifespan, with the possibility of occasionally
switching to the lytic phase, in case new viral progenies are required to spread the infection further.
As a consequence of the chronic infection, the host presents a general metabolic disturbance, with
an alteration of both glucose and lipid metabolism, impairment of the general immune system and
enhancement of ROS production, which can evolve into severe KS disease when other disorders can
further decrease the efficiency of the immune system. However, researchers have started to focus their
interest on some new and very important findings in chronic HHV8 infection: i) HHV8 can infect
pancreas beta-cells, with a possible decrease in insulin production; ii) the virus infection leads the
host to use abnormal amounts of insulin and glucose; and iii) the host produces specific antibodies
which further stimulate insulin and glucose utilization. On the basis of these considerations, some
authors have hypothesized a possible association between chronic HHV8 infection and the onset of
chronic diseases such as diabetes. The recent studies performed in the Mediterranean and sub-Saharan
Regions have given significant evidence of an epidemiological association between HHV8 infection and
DMT2 [77,78,86,89]. Furthermore, the upset of both the glucose and lipid metabolism of endothelial
cells has been hypothesized as creating the conditions that favour the metabolic syndrome and decrease
in insulin efficiency found in diabetes (Figure 1). Although these hypotheses are intriguing and
stimulating, more research is needed to confirm a possible association between HHV8 infection and
DMT2. Some crucial questions must be properly answered: a) do the glucose and lipid metabolism
change and how are they changed in those cells that consume most of the insulin and glucose in
the human organism, such as myocytes and adipocytes? b) In view of the fact that some of the
proteins produced during viral latency share analogous epitopes with host proteins, what effects could
antibodies against these proteins have on cell metabolism? The answers to these questions will open a
very fruitful field of speculation and research.
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Figure 1. Schematic representation of the HHV8-induced metabolism alteration of endothelial cells 

and the hypothetical association with diabetes type 2 development. Latent-persistent HHV8 infection, 

together with the humoral immune response, induces a strong enhancement of insulin receptors (IRs) 

with a consequent increase in glucose uptake that skews the cell metabolism toward the anaerobic 

glycolysis that leads to lactate accumulation (Warburg effect). The higher glucose concentration and 

the hypoxic condition trigger mitochondrial ROS production. Moreover, the latent infection also 

stimulates fatty acid (FA) synthesis and the accumulation of neutral lipids in cytoplasmic lipid 

droplets (LDs). Overall, in a body metabolism context, these alterations may evolve into chronic 

systemic inflammation with the higher IRs expression further stimulating insulin production by 

pancreatic beta-cells and the feasible induction of hyper-insulinemia that, time by time, may lead to 
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Figure 1. Schematic representation of the HHV8-induced metabolism alteration of endothelial cells
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together with the humoral immune response, induces a strong enhancement of insulin receptors (IRs)
with a consequent increase in glucose uptake that skews the cell metabolism toward the anaerobic
glycolysis that leads to lactate accumulation (Warburg effect). The higher glucose concentration and the
hypoxic condition trigger mitochondrial ROS production. Moreover, the latent infection also stimulates
fatty acid (FA) synthesis and the accumulation of neutral lipids in cytoplasmic lipid droplets (LDs).
Overall, in a body metabolism context, these alterations may evolve into chronic systemic inflammation
with the higher IRs expression further stimulating insulin production by pancreatic beta-cells and the
feasible induction of hyper-insulinemia that, time by time, may lead to insulin resistance and hence to
diabetes type 2.

Author Contributions: Conceptualization, F.A., A.I. and R.P.; writing-original draft preparation: F.A., A.I. and
R.P.; writing-review and editing, F.A., A.I. and R.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Department of Biomedical Sciences, University of Cagliari (FIR project
2016-17).

Acknowledgments: The authors thank Sally Davies for helping in manuscript preparation and correction.

Conflicts of Interest: The authors declare no conflict of interest. The funding body had no role in the design of
the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or in the decision
to publish the results.



Microorganisms 2020, 8, 388 10 of 15

References

1. Chang, Y.; Cesarman, E.; Pessin, M.S.; Lee, F.; Culpepper, J.; Knowles, D.M.; Moore, P.S. Identification
of herpesvirus-like DNA sequences in AIDS-associated Kaposi’s sarcoma. Science 1994, 266, 1865–1869.
[CrossRef] [PubMed]

2. Wen, K.W.; Damania, B. Kaposi sarcoma-associated herpesvirus (KSHV): Molecular biology and oncogenesis.
Cancer Lett. 2010, 289, 140–150. [CrossRef] [PubMed]

3. Cousins, E.; Nicholas, J. Molecular biology of human herpesvirus 8: Novel functions and virus-host
interactions implicated in viral pathogenesis and replication. Recent Results Cancer Res. 2014, 193, 227–268.
[CrossRef] [PubMed]

4. Vastag, L.; Koyuncu, E.; Grady, S.L.; Shenk, T.E.; Rabinowitz, J.D. Divergent effects of human cytomegalovirus
and herpes simplex virus-1 on cellular metabolism. PLoS Pathog. 2011, 7, e1002124. [CrossRef] [PubMed]

5. Cesarman, E.; Damania, B.; Krown, S.E.; Martin, J.; Bower, M.; Whitby, D. Kaposi sarcoma. Nat. Rev. Dis.
Primers 2019, 5, 9. [CrossRef]

6. Ganem, D. KSHV and the pathogenesis of Kaposi sarcoma: Listening to human biology and medicine. J. Clin.
Investig. 2010, 120, 939–949. [CrossRef]

7. Ojala, P.M.; Schulz, T.F. Manipulation of endothelial cells by KSHV: Implications for angiogenesis and
aberrant vascular differentiation. Semin. Cancer Biol. 2014, 26, 69–77. [CrossRef]

8. Cai, X.; Cullen, B.R. Transcriptional origin of Kaposi’s sarcoma-associated herpesvirus microRNAs. J. Virol.
2006, 80, 2234–2242. [CrossRef]

9. Cai, X.; Lu, S.; Zhang, Z.; Gonzalez, C.M.; Damania, B.; Cullen, B.R. Kaposi’s sarcoma-associated herpesvirus
expresses an array of viral microRNAs in latently infected cells. Proc. Natl. Acad. Sci. USA 2005, 102,
5570–5575. [CrossRef]

10. Murphy, E.; Vanicek, J.; Robins, H.; Shenk, T.; Levine, A.J. Suppression of immediate-early viral gene
expression by herpesvirus-coded microRNAs: Implications for latency. Proc. Natl. Acad. Sci. USA 2008, 105,
5453–5458. [CrossRef]

11. Pfeffer, S.; Sewer, A.; Lagos-Quintana, M.; Sheridan, R.; Sander, C.; Grasser, F.A.; van Dyk, L.F.; Ho, C.K.;
Shuman, S.; Chien, M.; et al. Identification of microRNAs of the herpesvirus family. Nat. Methods 2005, 2,
269–276. [CrossRef] [PubMed]

12. Samols, M.A.; Hu, J.; Skalsky, R.L.; Renne, R. Cloning and identification of a microRNA cluster within
the latency-associated region of Kaposi’s sarcoma-associated herpesvirus. J. Virol. 2005, 79, 9301–9305.
[CrossRef] [PubMed]

13. Samols, M.A.; Skalsky, R.L.; Maldonado, A.M.; Riva, A.; Lopez, M.C.; Baker, H.V.; Renne, R. Identification of
cellular genes targeted by KSHV-encoded microRNAs. PLoS Pathog. 2007, 3, e65. [CrossRef] [PubMed]

14. Renne, R.; Zhong, W.; Herndier, B.; McGrath, M.; Abbey, N.; Kedes, D.; Ganem, D. Lytic growth of Kaposi’s
sarcoma-associated herpesvirus (human herpesvirus 8) in culture. Nat. Med. 1996, 2, 342–346. [CrossRef]

15. Gao, S.J.; Deng, J.H.; Zhou, F.C. Productive lytic replication of a recombinant Kaposi’s sarcoma-associated
herpesvirus in efficient primary infection of primary human endothelial cells. J. Virol. 2003, 77, 9738–9749.
[CrossRef]

16. Moore, P.S.; Chang, Y. Kaposi’s sarcoma (KS), KS-associated herpesvirus, and the criteria for causality in the
age of molecular biology. Am. J. Epidemiol. 1998, 147, 217–221. [CrossRef]

17. Delgado, T.; Carroll, P.A.; Punjabi, A.S.; Margineantu, D.; Hockenbery, D.M.; Lagunoff, M. Induction of
the Warburg effect by Kaposi’s sarcoma herpesvirus is required for the maintenance of latently infected
endothelial cells. Proc. Natl. Acad. Sci. USA 2010, 107, 10696–10701. [CrossRef]

18. Rose, P.P.; Bogyo, M.; Moses, A.V.; Fruh, K. Insulin-like growth factor II receptor-mediated intracellular
retention of cathepsin B is essential for transformation of endothelial cells by Kaposi’s sarcoma-associated
herpesvirus. J. Virol. 2007, 81, 8050–8062. [CrossRef]

19. Wang, L.; Damania, B. Kaposi’s sarcoma-associated herpesvirus confers a survival advantage to endothelial
cells. Cancer Res. 2008, 68, 4640–4648. [CrossRef]

20. Ablashi, D.V.; Chatlynne, L.G.; Whitman, J.E., Jr.; Cesarman, E. Spectrum of Kaposi’s sarcoma-associated
herpesvirus, or human herpesvirus 8, diseases. Clin. Microbiol. Rev. 2002, 15, 439–464. [CrossRef]

http://dx.doi.org/10.1126/science.7997879
http://www.ncbi.nlm.nih.gov/pubmed/7997879
http://dx.doi.org/10.1016/j.canlet.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19651473
http://dx.doi.org/10.1007/978-3-642-38965-8_13
http://www.ncbi.nlm.nih.gov/pubmed/24008302
http://dx.doi.org/10.1371/journal.ppat.1002124
http://www.ncbi.nlm.nih.gov/pubmed/21779165
http://dx.doi.org/10.1038/s41572-019-0060-9
http://dx.doi.org/10.1172/JCI40567
http://dx.doi.org/10.1016/j.semcancer.2014.01.008
http://dx.doi.org/10.1128/JVI.80.5.2234-2242.2006
http://dx.doi.org/10.1073/pnas.0408192102
http://dx.doi.org/10.1073/pnas.0711910105
http://dx.doi.org/10.1038/nmeth746
http://www.ncbi.nlm.nih.gov/pubmed/15782219
http://dx.doi.org/10.1128/JVI.79.14.9301-9305.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994824
http://dx.doi.org/10.1371/journal.ppat.0030065
http://www.ncbi.nlm.nih.gov/pubmed/17500590
http://dx.doi.org/10.1038/nm0396-342
http://dx.doi.org/10.1128/JVI.77.18.9738-9749.2003
http://dx.doi.org/10.1093/oxfordjournals.aje.a009440
http://dx.doi.org/10.1073/pnas.1004882107
http://dx.doi.org/10.1128/JVI.00249-07
http://dx.doi.org/10.1158/0008-5472.CAN-07-5988
http://dx.doi.org/10.1128/CMR.15.3.439-464.2002


Microorganisms 2020, 8, 388 11 of 15

21. Li, N.; Thompson, S.; Schultz, D.C.; Zhu, W.; Jiang, H.; Luo, C.; Lieberman, P.M. Discovery of selective
inhibitors against EBNA1 via high throughput in silico virtual screening. PLoS ONE 2010, 5, e10126.
[CrossRef] [PubMed]

22. Paul, A.G.; Sharma-Walia, N.; Chandran, B. Targeting KSHV/HHV-8 latency with COX-2 selective inhibitor
nimesulide: A potential chemotherapeutic modality for primary effusion lymphoma. PLoS ONE 2011, 6,
e24379. [CrossRef]

23. Angius, F.; Piras, E.; Uda, S.; Madeddu, C.; Serpe, R.; Bigi, R.; Chen, W.; Dittmer, D.P.; Pompei, R.; Ingianni, A.
Antimicrobial sulfonamides clear latent Kaposi sarcoma herpesvirus infection and impair MDM2-p53
complex formation. J. Antibiot. 2017, 70, 962–966. [CrossRef] [PubMed]

24. Angius, F.; Piras, E.; Spolitu, S.; Marras, L.; Armas, S.F.; Ingianni, A.; Contini, P.; Pompei, R. Anti-human
herpesvirus 8 antibodies affect both insulin and glucose uptake by virus-infected human endothelial cells.
J. Infect. Dev. Ctries. 2018, 12, 485–491. [CrossRef]

25. Delgado, T.; Sanchez, E.L.; Camarda, R.; Lagunoff, M. Global metabolic profiling of infection by an oncogenic
virus: KSHV induces and requires lipogenesis for survival of latent infection. PLoS Pathog. 2012, 8, e1002866.
[CrossRef]

26. Fontaine, K.A.; Sanchez, E.L.; Camarda, R.; Lagunoff, M. Dengue virus induces and requires glycolysis for
optimal replication. J. Virol. 2015, 89, 2358–2366. [CrossRef]

27. Sanchez, E.L.; Lagunoff, M. Viral activation of cellular metabolism. Virology 2015, 479–480, 609–618. [CrossRef]
28. Thai, M.; Graham, N.A.; Braas, D.; Nehil, M.; Komisopoulou, E.; Kurdistani, S.K.; McCormick, F.; Graeber, T.G.;

Christofk, H.R. Adenovirus E4ORF1-induced MYC activation promotes host cell anabolic glucose metabolism
and virus replication. Cell Metab. 2014, 19, 694–701. [CrossRef]

29. Bilz, N.C.; Jahn, K.; Lorenz, M.; Ludtke, A.; Hubschen, J.M.; Geyer, H.; Mankertz, A.; Hubner, D.; Liebert, U.G.;
Claus, C. Rubella viruses shift cellular bioenergetics to a more oxidative and glycolytic phenotype with a
strain-specific requirement for glutamine. J. Virol. 2018, 92. [CrossRef]

30. Burysek, L.; Yeow, W.S.; Lubyova, B.; Kellum, M.; Schafer, S.L.; Huang, Y.Q.; Pitha, P.M. Functional analysis of
human herpesvirus 8-encoded viral interferon regulatory factor 1 and its association with cellular interferon
regulatory factors and p300. J. Virol. 1999, 73, 7334–7342. [CrossRef]

31. Gao, S.J.; Boshoff, C.; Jayachandra, S.; Weiss, R.A.; Chang, Y.; Moore, P.S. KSHV ORF K9 (vIRF) is an oncogene
which inhibits the interferon signaling pathway. Oncogene 1997, 15, 1979–1985. [CrossRef] [PubMed]

32. Li, M.; Lee, H.; Guo, J.; Neipel, F.; Fleckenstein, B.; Ozato, K.; Jung, J.U. Kaposi’s sarcoma-associated
herpesvirus viral interferon regulatory factor. J. Virol. 1998, 72, 5433–5440. [CrossRef] [PubMed]

33. Pozharskaya, V.P.; Weakland, L.L.; Zimring, J.C.; Krug, L.T.; Unger, E.R.; Neisch, A.; Joshi, H.; Inoue, N.;
Offermann, M.K. Short duration of elevated vIRF-1 expression during lytic replication of human herpesvirus
8 limits its ability to block antiviral responses induced by alpha interferon in BCBL-1 cells. J. Virol. 2004, 78,
6621–6635. [CrossRef] [PubMed]

34. Russo, J.J.; Bohenzky, R.A.; Chien, M.C.; Chen, J.; Yan, M.; Maddalena, D.; Parry, J.P.; Peruzzi, D.; Edelman, I.S.;
Chang, Y.; et al. Nucleotide sequence of the Kaposi sarcoma-associated herpesvirus (HHV8). Proc. Natl.
Acad. Sci. USA 1996, 93, 14862–14867. [CrossRef]

35. Seo, T.; Park, J.; Lee, D.; Hwang, S.G.; Choe, J. Viral interferon regulatory factor 1 of Kaposi’s
sarcoma-associated herpesvirus binds to p53 and represses p53-dependent transcription and apoptosis.
J. Virol. 2001, 75, 6193–6198. [CrossRef]

36. Arvanitakis, L.; Geras-Raaka, E.; Varma, A.; Gershengorn, M.C.; Cesarman, E. Human herpesvirus KSHV
encodes a constitutively active G-protein-coupled receptor linked to cell proliferation. Nature 1997, 385,
347–350. [CrossRef]

37. Bais, C.; van Geelen, A.; Eroles, P.; Mutlu, A.; Chiozzini, C.; Dias, S.; Silverstein, R.L.; Rafii, S.; Mesri, E.A.
Kaposi’s sarcoma associated herpesvirus G protein-coupled receptor immortalizes human endothelial cells
by activation of the VEGF receptor-2/KDR. Cancer Cell 2003, 3, 131–143. [CrossRef]

38. Cesarman, E.; Nador, R.G.; Bai, F.; Bohenzky, R.A.; Russo, J.J.; Moore, P.S.; Chang, Y.; Knowles, D.M. Kaposi’s
sarcoma-associated herpesvirus contains G protein-coupled receptor and cyclin D homologs which are
expressed in Kaposi’s sarcoma and malignant lymphoma. J. Virol. 1996, 70, 8218–8223. [CrossRef]

39. Guo, H.G.; Browning, P.; Nicholas, J.; Hayward, G.S.; Tschachler, E.; Jiang, Y.W.; Sadowska, M.; Raffeld, M.;
Colombini, S.; Gallo, R.C.; et al. Characterization of a chemokine receptor-related gene in human herpesvirus
8 and its expression in Kaposi’s sarcoma. Virology 1997, 228, 371–378. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0010126
http://www.ncbi.nlm.nih.gov/pubmed/20405039
http://dx.doi.org/10.1371/journal.pone.0024379
http://dx.doi.org/10.1038/ja.2017.67
http://www.ncbi.nlm.nih.gov/pubmed/28611469
http://dx.doi.org/10.3855/jidc.10381
http://dx.doi.org/10.1371/journal.ppat.1002866
http://dx.doi.org/10.1128/JVI.02309-14
http://dx.doi.org/10.1016/j.virol.2015.02.038
http://dx.doi.org/10.1016/j.cmet.2014.03.009
http://dx.doi.org/10.1128/JVI.00934-18
http://dx.doi.org/10.1128/JVI.73.9.7334-7342.1999
http://dx.doi.org/10.1038/sj.onc.1201571
http://www.ncbi.nlm.nih.gov/pubmed/9365244
http://dx.doi.org/10.1128/JVI.72.7.5433-5440.1998
http://www.ncbi.nlm.nih.gov/pubmed/9620998
http://dx.doi.org/10.1128/JVI.78.12.6621-6635.2004
http://www.ncbi.nlm.nih.gov/pubmed/15163753
http://dx.doi.org/10.1073/pnas.93.25.14862
http://dx.doi.org/10.1128/JVI.75.13.6193-6198.2001
http://dx.doi.org/10.1038/385347a0
http://dx.doi.org/10.1016/S1535-6108(03)00024-2
http://dx.doi.org/10.1128/JVI.70.11.8218-8223.1996
http://dx.doi.org/10.1006/viro.1996.8386


Microorganisms 2020, 8, 388 12 of 15

40. Montaner, S.; Sodhi, A.; Pece, S.; Mesri, E.A.; Gutkind, J.S. The Kaposi’s sarcoma-associated herpesvirus G
protein-coupled receptor promotes endothelial cell survival through the activation of Akt/protein kinase B.
Cancer Res. 2001, 61, 2641–2648.

41. Hussein, H.A.M.; Alfhili, M.A.; Pakala, P.; Simon, S.; Hussain, J.; McCubrey, J.A.; Akula, S.M. miRNAs and
their roles in KSHV pathogenesis. Virus Res. 2019, 266, 15–24. [CrossRef] [PubMed]

42. Dourmishev, L.A.; Dourmishev, A.L.; Palmeri, D.; Schwartz, R.A.; Lukac, D.M. Molecular genetics of Kaposi’s
sarcoma-associated herpesvirus (human herpesvirus-8) epidemiology and pathogenesis. Microbiol. Mol. Biol.
Rev. 2003, 67, 175–212. [CrossRef] [PubMed]

43. Friborg, J., Jr.; Kong, W.; Hottiger, M.O.; Nabel, G.J. p53 inhibition by the LANA protein of KSHV protects
against cell death. Nature 1999, 402, 889–894. [CrossRef] [PubMed]

44. Djerbi, M.; Screpanti, V.; Catrina, A.I.; Bogen, B.; Biberfeld, P.; Grandien, A. The inhibitor of death receptor
signaling, FLICE-inhibitory protein defines a new class of tumor progression factors. J. Exp. Med. 1999, 190,
1025–1032. [CrossRef] [PubMed]

45. Efklidou, S.; Bailey, R.; Field, N.; Noursadeghi, M.; Collins, M.K. vFLIP from KSHV inhibits anoikis of
primary endothelial cells. J. Cell Sci. 2008, 121, 450–457. [CrossRef] [PubMed]

46. Fakhari, F.D.; Dittmer, D.P. Charting latency transcripts in Kaposi’s sarcoma-associated herpesvirus by
whole-genome real-time quantitative PCR. J. Virol. 2002, 76, 6213–6223. [CrossRef]

47. Sadler, R.; Wu, L.; Forghani, B.; Renne, R.; Zhong, W.; Herndier, B.; Ganem, D. A complex translational
program generates multiple novel proteins from the latently expressed kaposin (K12) locus of Kaposi’s
sarcoma-associated herpesvirus. J. Virol. 1999, 73, 5722–5730. [CrossRef]

48. Lagunoff, M.; Ganem, D. The structure and coding organization of the genomic termini of Kaposi’s
sarcoma-associated herpesvirus. Virology 1997, 236, 147–154. [CrossRef]

49. Lee, H.; Guo, J.; Li, M.; Choi, J.K.; DeMaria, M.; Rosenzweig, M.; Jung, J.U. Identification of an immunoreceptor
tyrosine-based activation motif of K1 transforming protein of Kaposi’s sarcoma-associated herpesvirus.
Mol. Cell Biol. 1998, 18, 5219–5228. [CrossRef]

50. Wang, L.; Dittmer, D.P.; Tomlinson, C.C.; Fakhari, F.D.; Damania, B. Immortalization of primary endothelial
cells by the K1 protein of Kaposi’s sarcoma-associated herpesvirus. Cancer Res. 2006, 66, 3658–3666.
[CrossRef]

51. Wang, L.; Wakisaka, N.; Tomlinson, C.C.; DeWire, S.M.; Krall, S.; Pagano, J.S.; Damania, B. The Kaposi’s
sarcoma-associated herpesvirus (KSHV/HHV-8) K1 protein induces expression of angiogenic and invasion
factors. Cancer Res. 2004, 64, 2774–2781. [CrossRef] [PubMed]

52. Aoki, Y.; Jaffe, E.S.; Chang, Y.; Jones, K.; Teruya-Feldstein, J.; Moore, P.S.; Tosato, G. Angiogenesis and
hematopoiesis induced by Kaposi’s sarcoma-associated herpesvirus-encoded interleukin-6. Blood 1999, 93,
4034–4043. [CrossRef]

53. Chen, D.; Nicholas, J. Structural requirements for gp80 independence of human herpesvirus 8 interleukin-6
(vIL-6) and evidence for gp80 stabilization of gp130 signaling complexes induced by vIL-6. J. Virol. 2006, 80,
9811–9821. [CrossRef] [PubMed]

54. Chen, D.; Sandford, G.; Nicholas, J. Intracellular signaling mechanisms and activities of human herpesvirus
8 interleukin-6. J. Virol. 2009, 83, 722–733. [CrossRef] [PubMed]

55. Yan, L.; Majerciak, V.; Zheng, Z.M.; Lan, K. Towards better understanding of KSHV life cycle: From
transcription and posttranscriptional regulations to pathogenesis. Virol. Sin. 2019, 34, 135–161. [CrossRef]
[PubMed]

56. De Bock, K.; Georgiadou, M.; Schoors, S.; Kuchnio, A.; Wong, B.W.; Cantelmo, A.R.; Quaegebeur, A.;
Ghesquiere, B.; Cauwenberghs, S.; Eelen, G.; et al. Role of PFKFB3-driven glycolysis in vessel sprouting. Cell
2013, 154, 651–663. [CrossRef]

57. Saka, H.A.; Valdivia, R. Emerging roles for lipid droplets in immunity and host-pathogen interactions. Annu.
Rev. Cell Dev. Biol. 2012, 28, 411–437. [CrossRef]

58. Carroll, P.A.; Kenerson, H.L.; Yeung, R.S.; Lagunoff, M. Latent Kaposi’s sarcoma-associated herpesvirus
infection of endothelial cells activates hypoxia-induced factors. J. Virol. 2006, 80, 10802–10812. [CrossRef]

59. Lagunoff, M. Activation of cellular metabolism during latent Kaposi’s Sarcoma herpesvirus infection.
Curr. Opin. Virol. 2016, 19, 45–49. [CrossRef]

http://dx.doi.org/10.1016/j.virusres.2019.03.024
http://www.ncbi.nlm.nih.gov/pubmed/30951791
http://dx.doi.org/10.1128/MMBR.67.2.175-212.2003
http://www.ncbi.nlm.nih.gov/pubmed/12794189
http://dx.doi.org/10.1038/47266
http://www.ncbi.nlm.nih.gov/pubmed/10622254
http://dx.doi.org/10.1084/jem.190.7.1025
http://www.ncbi.nlm.nih.gov/pubmed/10510092
http://dx.doi.org/10.1242/jcs.022343
http://www.ncbi.nlm.nih.gov/pubmed/18211958
http://dx.doi.org/10.1128/JVI.76.12.6213-6223.2002
http://dx.doi.org/10.1128/JVI.73.7.5722-5730.1999
http://dx.doi.org/10.1006/viro.1997.8713
http://dx.doi.org/10.1128/MCB.18.9.5219
http://dx.doi.org/10.1158/0008-5472.CAN-05-3680
http://dx.doi.org/10.1158/0008-5472.CAN-03-3653
http://www.ncbi.nlm.nih.gov/pubmed/15087393
http://dx.doi.org/10.1182/blood.V93.12.4034
http://dx.doi.org/10.1128/JVI.00872-06
http://www.ncbi.nlm.nih.gov/pubmed/16973585
http://dx.doi.org/10.1128/JVI.01517-08
http://www.ncbi.nlm.nih.gov/pubmed/18987143
http://dx.doi.org/10.1007/s12250-019-00114-3
http://www.ncbi.nlm.nih.gov/pubmed/31025296
http://dx.doi.org/10.1016/j.cell.2013.06.037
http://dx.doi.org/10.1146/annurev-cellbio-092910-153958
http://dx.doi.org/10.1128/JVI.00673-06
http://dx.doi.org/10.1016/j.coviro.2016.06.012


Microorganisms 2020, 8, 388 13 of 15

60. Angius, F.; Uda, S.; Piras, E.; Spolitu, S.; Ingianni, A.; Batetta, B.; Pompei, R. Neutral lipid alterations in human
herpesvirus 8-infected HUVEC cells and their possible involvement in neo-angiogenesis. BMC Microbiol.
2015, 15, 74. [CrossRef]

61. Sanchez, E.L.; Pulliam, T.H.; Dimaio, T.A.; Thalhofer, A.B.; Delgado, T.; Lagunoff, M. Glycolysis,
glutaminolysis, and fatty acid synthesis are required for distinct stages of Kaposi’s sarcoma-associated
herpesvirus lytic replication. J. Virol. 2017, 91. [CrossRef] [PubMed]

62. Wu, Y.; Dong, Y.; Atefi, M.; Liu, Y.; Elshimali, Y.; Vadgama, J.V. Lactate, a neglected factor for diabetes and
cancer interaction. Mediat. Inflamm. 2016, 2016, 6456018. [CrossRef] [PubMed]

63. Rose, P.P.; Carroll, J.M.; Carroll, P.A.; DeFilippis, V.R.; Lagunoff, M.; Moses, A.V.; Roberts, C.T., Jr.; Fruh, K.
The insulin receptor is essential for virus-induced tumorigenesis of Kaposi’s sarcoma. Oncogene 2007, 26,
1995–2005. [CrossRef] [PubMed]

64. Guilluy, C.; Zhang, Z.; Bhende, P.M.; Sharek, L.; Wang, L.; Burridge, K.; Damania, B. Latent KSHV infection
increases the vascular permeability of human endothelial cells. Blood 2011, 118, 5344–5354. [CrossRef]
[PubMed]

65. Ingianni, A.; Piras, E.; Laconi, S.; Angius, F.; Batetta, B.; Pompei, R. Latent herpesvirus 8 infection improves
both insulin and glucose uptake in primary endothelial cells. New Microbiol. 2013, 36, 257–265. [PubMed]

66. Gregory, S.M.; Wang, L.; West, J.A.; Dittmer, D.P.; Damania, B. Latent Kaposi’s sarcoma-associated herpesvirus
infection of monocytes downregulates expression of adaptive immune response costimulatory receptors and
proinflammatory cytokines. J. Virol. 2012, 86, 3916–3923. [CrossRef]

67. Caselli, E.; Fiorentini, S.; Amici, C.; Di Luca, D.; Caruso, A.; Santoro, M.G. Human herpesvirus 8 acute
infection of endothelial cells induces monocyte chemoattractant protein 1-dependent capillary-like structure
formation: Role of the IKK/NF-kappaB pathway. Blood 2007, 109, 2718–2726. [CrossRef]

68. Spagnuolo, I.; Patti, A.; Sebastiani, G.; Nigi, L.; Dotta, F. The case for virus-induced type 1 diabetes. Curr. Opin.
Endocrinol. Diabetes Obes. 2013, 20, 292–298. [CrossRef]

69. Wan, X.; Wang, H.; Nicholas, J. Human herpesvirus 8 interleukin-6 (vIL-6) signals through gp130 but has
structural and receptor-binding properties distinct from those of human IL-6. J. Virol. 1999, 73, 8268–8278.
[CrossRef]

70. Nolan, C.J.; Damm, P.; Prentki, M. Type 2 diabetes across generations: From pathophysiology to prevention
and management. Lancet 2011, 378, 169–181. [CrossRef]

71. Sharma-Walia, N.; Paul, A.G.; Bottero, V.; Sadagopan, S.; Veettil, M.V.; Kerur, N.; Chandran, B. Kaposi’s
sarcoma associated herpes virus (KSHV) induced COX-2: A key factor in latency, inflammation, angiogenesis,
cell survival and invasion. PLoS Pathog. 2010, 6, e1000777. [CrossRef]

72. Wu, T.T.; Qian, J.; Ang, J.; Sun, R. Vaccine prospect of Kaposi sarcoma-associated herpesvirus. Curr. Opin.
Virol. 2012, 2, 482–488. [CrossRef] [PubMed]

73. Li, Q.; Chen, D.; Xiang, Q.; Nicholas, J. Insulin-like growth factor 2 receptor expression is promoted by
human herpesvirus 8-encoded interleukin-6 and contributes to viral latency and productive replication.
J. Virol. 2019, 93. [CrossRef]

74. Bottero, V.; Chakraborty, S.; Chandran, B. Reactive oxygen species are induced by Kaposi’s sarcoma-associated
herpesvirus early during primary infection of endothelial cells to promote virus entry. J. Virol. 2013, 87,
1733–1749. [CrossRef] [PubMed]

75. Caselli, E.; Rizzo, R.; Ingianni, A.; Contini, P.; Pompei, R.; Di Luca, D. High prevalence of HHV8 infection
and specific killer cell immunoglobulin-like receptors allotypes in Sardinian patients with type 2 diabetes
mellitus. J. Med. Virol. 2014, 86, 1745–1751. [CrossRef] [PubMed]

76. Gastaldi, G.; Goossens, N.; Clement, S.; Negro, F. Current level of evidence on causal association between
hepatitis C virus and type 2 diabetes: A review. J. Adv. Res. 2017, 8, 149–159. [CrossRef] [PubMed]

77. Incani, A.; Marras, L.; Serreli, G.; Ingianni, A.; Pompei, R.; Deiana, M.; Angius, F. Human herpesvirus
8 infection may contribute to oxidative stress in diabetes type 2 patients. BMC Res. Notes 2020, 13, 75.
[CrossRef]

78. Pompei, R. The role of human herpesvirus 8 in diabetes mellitus type 2: State of the art and a medical
hypothesis. Adv. Exp. Med. Biol. 2016, 901, 37–45. [CrossRef]

79. Piras, E.; Madeddu, M.A.; Palmieri, G.; Angius, F.; Contini, P.; Pompei, R.; Ingianni, A. High prevalence of
human herpesvirus 8 infection in diabetes type 2 patients and detection of a new virus subtype. Adv. Exp.
Med. Biol. 2017, 973, 41–51. [CrossRef]

http://dx.doi.org/10.1186/s12866-015-0415-7
http://dx.doi.org/10.1128/JVI.02237-16
http://www.ncbi.nlm.nih.gov/pubmed/28275189
http://dx.doi.org/10.1155/2016/6456018
http://www.ncbi.nlm.nih.gov/pubmed/28077918
http://dx.doi.org/10.1038/sj.onc.1210006
http://www.ncbi.nlm.nih.gov/pubmed/17001305
http://dx.doi.org/10.1182/blood-2011-03-341552
http://www.ncbi.nlm.nih.gov/pubmed/21881052
http://www.ncbi.nlm.nih.gov/pubmed/23912867
http://dx.doi.org/10.1128/JVI.06437-11
http://dx.doi.org/10.1182/blood-2006-03-012500
http://dx.doi.org/10.1097/MED.0b013e328362a7d7
http://dx.doi.org/10.1128/JVI.73.10.8268-8278.1999
http://dx.doi.org/10.1016/S0140-6736(11)60614-4
http://dx.doi.org/10.1371/journal.ppat.1000777
http://dx.doi.org/10.1016/j.coviro.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/22795202
http://dx.doi.org/10.1128/JVI.02026-18
http://dx.doi.org/10.1128/JVI.02958-12
http://www.ncbi.nlm.nih.gov/pubmed/23175375
http://dx.doi.org/10.1002/jmv.23771
http://www.ncbi.nlm.nih.gov/pubmed/24122895
http://dx.doi.org/10.1016/j.jare.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/28149650
http://dx.doi.org/10.1186/s13104-020-4935-3
http://dx.doi.org/10.1007/5584_2015_5014
http://dx.doi.org/10.1007/5584_2016_73


Microorganisms 2020, 8, 388 14 of 15

80. Douglas, J.L.; Gustin, J.K.; Viswanathan, K.; Mansouri, M.; Moses, A.V.; Fruh, K. The great escape: Viral
strategies to counter BST-2/tetherin. PLoS Pathog. 2010, 6, e1000913. [CrossRef]

81. Ingianni, A.; Carta, F.; Reina, A.; Manai, M.; Desogus, A.; Pompei, R. Prevalence of herpesvirus 8 infection in
type 2 diabetes mellitus patients. Am. J. Infect. Dis. 2007, 3, 123–127. [CrossRef]

82. Sobngwi, E.; Choukem, S.P.; Agbalika, F.; Blondeau, B.; Fetita, L.S.; Lebbe, C.; Thiam, D.; Cattan, P.;
Larghero, J.; Foufelle, F.; et al. Ketosis-prone type 2 diabetes mellitus and human herpesvirus 8 infection in
sub-saharan africans. JAMA 2008, 299, 2770–2776. [CrossRef] [PubMed]

83. Ingianni, A.; Madeddu, M.A.; Carta, F.; Reina, A.; Lai, C.; Pompei, R. Epidemiology of human herpesvirus
type 8 infection in cardiopathic patients. OnLine J. Biol. Sci. 2009, 9, 36–39. [CrossRef]

84. Ye, F.; Zeng, Y.; Sha, J.; Jones, T.; Kuhne, K.; Wood, C.; Gao, S.J. High glucose induces reactivation of latent
Kaposi’s sarcoma-associated herpesvirus. J. Virol. 2016. [CrossRef] [PubMed]

85. Angius, F.; Madeddu, M.; Pompei, R. Commentary: High glucose induces reactivation of latent Kaposi’s
sarcoma-associated herpesvirus. Front. Microbiol. 2017, 8, 1796. [CrossRef] [PubMed]

86. Angius, F.; Marras, L.; Ingianni, A.; Pompei, R. Latent-persistent virus infections. Hepatitis C virus and
human herpesvirus 8: Immunological response, modification of cell metabolism and association with type 2
diabetes. In Emerging and Reemerging Viral Pathogens; Academic Press: Cambridge, MA, USA, 2020; Volume
1, pp. 169–181.

87. Abenavoli, L.; Masarone, M.; Peta, V.; Milic, N.; Kobyliak, N.; Rouabhia, S.; Persico, M. Insulin resistance
and liver steatosis in chronic hepatitis C infection genotype. World J. Gastroenterol. 2014, 20, 15233–15240.
[CrossRef]

88. Chen, S.; de Craen, A.J.; Raz, Y.; Derhovanessian, E.; Vossen, A.C.; Westendorp, R.G.; Pawelec, G.; Maier, A.B.
Cytomegalovirus seropositivity is associated with glucose regulation in the oldest old. Results from the
leiden 85-plus study. Immun. Ageing 2012, 9, 18. [CrossRef]

89. Lontchi-Yimagou, E.; Legoff, J.; Nguewa, J.L.; Boudou, P.; Balti, E.V.; Noubiap, J.J.; Kamwa, V.;
Atogho-Tiedeu, B.; Azabji-Kenfack, M.; Djahmeni, E.N.; et al. Human herpesvirus 8 infection DNA
positivity is associated with low insulin secretion: A case-control study in a sub-Saharan African population
with diabetes. J. Diabetes 2018, 10, 866–873. [CrossRef]

90. Falkenberg, K.D.; Rohlenova, K.; Luo, Y.L.; Carmeliet, P. The metabolic engine of endothelial cells. Nat. Metab.
2019, 1, 937–946. [CrossRef]

91. Gimbrone, M.A., Jr.; Garcia-Cardena, G. Endothelial cell dysfunction and the pathobiology of atherosclerosis.
Circ. Res. 2016, 118, 620–636. [CrossRef]

92. Tabit, C.E.; Chung, W.B.; Hamburg, N.M.; Vita, J.A. Endothelial dysfunction in diabetes mellitus: Molecular
mechanisms and clinical implications. Rev. Endocr. Metab. Disord. 2010, 11, 61–74. [CrossRef] [PubMed]

93. Incani, A.; Serra, G.; Atzeri, A.; Melis, M.P.; Serreli, G.; Bandino, G.; Sedda, P.; Campus, M.; Tuberoso, C.I.;
Deiana, M. Extra virgin olive oil phenolic extracts counteract the pro-oxidant effect of dietary oxidized lipids
in human intestinal cells. Food Chem. Toxicol. 2016, 90, 171–180. [CrossRef] [PubMed]

94. Corkey, B.E. Banting lecture 2011: Hyperinsulinemia: Cause or consequence? Diabetes 2012, 61, 4–13.
[CrossRef] [PubMed]

95. Erion, K.A.; Corkey, B.E. Hyperinsulinemia: A cause of obesity? Curr. Obes. Rep. 2017, 6, 178–186. [CrossRef]
[PubMed]

96. Vidali, M.; Tripodi, M.F.; Ivaldi, A.; Zampino, R.; Occhino, G.; Restivo, L.; Sutti, S.; Marrone, A.; Ruggiero, G.;
Albano, E.; et al. Interplay between oxidative stress and hepatic steatosis in the progression of chronic
hepatitis C. J. Hepatol. 2008, 48, 399–406. [CrossRef]

97. Incalza, M.A.; D’Oria, R.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Oxidative stress and
reactive oxygen species in endothelial dysfunction associated with cardiovascular and metabolic diseases.
Vasc. Pharmacol. 2018, 100, 1–19. [CrossRef]

98. Lo, A.K.; Dawson, C.W.; Young, L.S.; Lo, K.W. The role of metabolic reprogramming in gamma-herpesvirus-
associated oncogenesis. Int. J. Cancer 2017, 141, 1512–1521. [CrossRef]

99. Zecchin, A.; Kalucka, J.; Dubois, C.; Carmeliet, P. How endothelial cells adapt their metabolism to form
vessels in tumors. Front. Immunol. 2017, 8, 1750. [CrossRef]

100. Robson, R.; Kundur, A.R.; Singh, I. Oxidative stress biomarkers in type 2 diabetes mellitus for assessment of
cardiovascular disease risk. Diabetes Metab. Syndr. 2018, 12, 455–462. [CrossRef]

http://dx.doi.org/10.1371/journal.ppat.1000913
http://dx.doi.org/10.3844/ajidsp.2007.123.127
http://dx.doi.org/10.1001/jama.299.23.2770
http://www.ncbi.nlm.nih.gov/pubmed/18560004
http://dx.doi.org/10.3844/ojbsci.2009.36.39
http://dx.doi.org/10.1128/JVI.01049-16
http://www.ncbi.nlm.nih.gov/pubmed/27535045
http://dx.doi.org/10.3389/fmicb.2017.01796
http://www.ncbi.nlm.nih.gov/pubmed/28966613
http://dx.doi.org/10.3748/wjg.v20.i41.15233
http://dx.doi.org/10.1186/1742-4933-9-18
http://dx.doi.org/10.1111/1753-0407.12777
http://dx.doi.org/10.1038/s42255-019-0117-9
http://dx.doi.org/10.1161/CIRCRESAHA.115.306301
http://dx.doi.org/10.1007/s11154-010-9134-4
http://www.ncbi.nlm.nih.gov/pubmed/20186491
http://dx.doi.org/10.1016/j.fct.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26911552
http://dx.doi.org/10.2337/db11-1483
http://www.ncbi.nlm.nih.gov/pubmed/22187369
http://dx.doi.org/10.1007/s13679-017-0261-z
http://www.ncbi.nlm.nih.gov/pubmed/28466412
http://dx.doi.org/10.1016/j.jhep.2007.10.011
http://dx.doi.org/10.1016/j.vph.2017.05.005
http://dx.doi.org/10.1002/ijc.30795
http://dx.doi.org/10.3389/fimmu.2017.01750
http://dx.doi.org/10.1016/j.dsx.2017.12.029


Microorganisms 2020, 8, 388 15 of 15

101. Li, X.; Feng, J.; Sun, R. Oxidative stress induces reactivation of Kaposi’s sarcoma-associated herpesvirus and
death of primary effusion lymphoma cells. J. Virol. 2011, 85, 715–724. [CrossRef]

102. Ma, Q.; Cavallin, L.E.; Leung, H.J.; Chiozzini, C.; Goldschmidt-Clermont, P.J.; Mesri, E.A. A role for virally
induced reactive oxygen species in Kaposi’s sarcoma herpesvirus tumorigenesis. Antioxid. Redox Signal 2013,
18, 80–90. [CrossRef] [PubMed]

103. Poli, G.; Sottero, B.; Gargiulo, S.; Leonarduzzi, G. Cholesterol oxidation products in the vascular remodeling
due to atherosclerosis. Mol. Asp. Med. 2009, 30, 180–189. [CrossRef] [PubMed]

104. Thomas, D.D.; Corkey, B.E.; Istfan, N.W.; Apovian, C.M. Hyperinsulinemia: An early indicator of Metabolic
dysfunction. J. Endocr. Soc. 2019, 3, 1727–1747. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JVI.01742-10
http://dx.doi.org/10.1089/ars.2012.4584
http://www.ncbi.nlm.nih.gov/pubmed/22746102
http://dx.doi.org/10.1016/j.mam.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19248806
http://dx.doi.org/10.1210/js.2019-00065
http://www.ncbi.nlm.nih.gov/pubmed/31528832
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Virology and Molecular Biology of HHV8 
	Lytic HHV8 Infection 
	Latent HHV8 Infection 

	HHV8 Infection, Physiological Alterations and Pathogenesis 
	Endothelial Cells: Glycolysis, Warburg Effect and Oncogenesis 
	HHV8 and Cyclooxygenase: Induction and Suppression of Immune Reaction 
	Immune Response and Cell Metabolism 
	HHV8 Prevalence in Chronic Diseases 
	HHV8-Infection and Oxidative Stress 

	Concluding Remarks and Future Scenarios 
	References

