
University of Nebraska - Lincoln University of Nebraska - Lincoln 

DigitalCommons@University of Nebraska - Lincoln DigitalCommons@University of Nebraska - Lincoln 

Dissertations and Doctoral Documents from 
University of Nebraska-Lincoln, 2024– Graduate Studies 

12-1-2023 

Cell Surface and Plasma Biomarkers of Kaposi Sarcoma Cell Surface and Plasma Biomarkers of Kaposi Sarcoma 

Sara R. Privatt 
University of Nebraska-Lincoln, saraprivatt@gmail.com 

Follow this and additional works at: https://digitalcommons.unl.edu/dissunl 

 Part of the Virology Commons 

Recommended Citation Recommended Citation 
Privatt, Sara R., "Cell Surface and Plasma Biomarkers of Kaposi Sarcoma" (2023). Dissertations and 
Doctoral Documents from University of Nebraska-Lincoln, 2024–. 30. 
https://digitalcommons.unl.edu/dissunl/30 

This Dissertation is brought to you for free and open access by the Graduate Studies at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Dissertations and Doctoral 
Documents from University of Nebraska-Lincoln, 2024– by an authorized administrator of 
DigitalCommons@University of Nebraska - Lincoln. 

https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/dissunl
https://digitalcommons.unl.edu/dissunl
https://digitalcommons.unl.edu/graduatestudies
https://digitalcommons.unl.edu/dissunl?utm_source=digitalcommons.unl.edu%2Fdissunl%2F30&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/53?utm_source=digitalcommons.unl.edu%2Fdissunl%2F30&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/dissunl/30?utm_source=digitalcommons.unl.edu%2Fdissunl%2F30&utm_medium=PDF&utm_campaign=PDFCoverPages


 

CELL SURFACE AND PLASMA BIOMARKERS OF KAPOSI SARCOMA 

 

by 

 

Sara R. Privatt 

 

A DISSERTATION 

 

Presented to the Faculty of 

The Graduate College at the University of Nebraska 

In Partial Fulfillment of Requirements 

For the Degree of Doctor of Philosophy 

 

Major: Biological Sciences 

(Genetics, Cell, and Molecular Biology) 

 

Under the Supervision of Professor Charles Wood 

 

Lincoln, Nebraska 

November 2023 



 

CELL SURFACE AND PLASMA BIOMARKERS OF KAPOSI SARCOMA 
 

Sara R. Privatt, Ph.D. 

University of Nebraska, 2023 

 
Adviser: Charles Wood 

Kaposi sarcoma-associated herpesvirus is the etiological agent of several 

pathologies including Kaposi sarcoma, primary effusion lymphoma, and multicentric 

Castleman’s disease. Here, we investigated both the tumor microenvironment (TME) in 

KS lesions as well as plasma from KSHV-infected individuals and how metabolic 

dysfunction and dysregulated cytokines might have a systemic effect on KS 

tumorigenesis. Based on previously published KS tumor transcriptomics, one aspect of 

our investigation involved characterizing cell surface glycoproteins with potential to 

serve as therapeutic targets against KSHV-infected cells or KS tumors or as biomarkers 

for disease. Expression patterns of such markers may also suggest the cellular origin of 

KS tumors.  

We found that several surface proteins and endothelial lineage markers were 

overexpressed in KS biopsies compared to uninvolved skin. Colocalization with KSHV 

LANA was detected using multi-color immunofluorescence in KS tissues, in vitro 

cultures, and xenografts. The surface glycoproteins KDR, FLT4, UNC5A, ADAM12, and 

CD34 associated with LANA-positive cells but also perhaps with KSHV uninfected cells or 

those with KSHV antigen below detection limit in the TME. In KS tumors, most LANA-

positive cells co-expressed markers of vascular as well as lymphatic endothelial lineages. 



 

This contrasts with normal endothelial tissues and suggests that KSHV tumorigenesis 

promotes dedifferentiation to a more mesenchymal/progenitor phenotype or that KS 

results from initial infection of an endothelial (mesenchymal) progenitor cell type.  

We next studied plasma metabolomics to conduct the first study to explore 

whether metabolic alterations induced by KSHV/HIV-1 co-infection or KS tumorigenesis 

could be detected in the plasma of affected subjects and whether different infection 

and disease states could be distinguished. Results from this preliminary study showed 

that asymptomatic and symptomatic subject groups exhibited distinct patterns in both 

polar and non-polar plasma metabolites. These findings suggested dysregulation in 

amino acid/urea cycle and purine metabolic pathways in KS disease progression, 

possibly influenced by viral infection. Overall, these findings indicate that more intensive 

investigation into the temporal patterns of metabolic dysregulation in KSHV 

infection/HIV co-infection and KS pathogenesis are justified.  

Overall, the studies herein provided insights into the complex interplay between 

KSHV, the tumor microenvironment, plasma proteomics, and plasma metabolomics in 

the context of KS and related diseases. 
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CHAPTER 1 

LITERATURE REVIEW 

Herpesviridae 

 The virus family Herpesviridae consists of over 200 enveloped, double-stranded 

DNA viruses (1). Nine herpesviruses have been shown to preferentially infect humans, 

however, herpesviruses have been isolated from a large range of animals. The nine 

human viruses, herpes simplex virus types 1 and 2 (HSV-1,2 or HHV-1,2), varicella zoster 

virus (VZV or HHV-3), Epstein Barr virus (EBV or HHV-4), human cytomegalovirus (HCMV 

or HHV-5), human herpes virus types 6A and 6B (HHV-6A/B), human herpes virus type 7 

(HHV-7) and Kaposi sarcoma-associated herpesvirus (KSHV), also known as human 

herpes virus 8 (HHV-8), fall into three herpesvirus subfamilies: alpha, beta, and gamma. 

Worldwide, most adults harbor a persistent infection with several herpesviruses (1). 

 Alphaherpesvirinae is defined by characteristics like a variable host range, a 

relatively short reproductive cycle, rapid spread in culture, efficient destruction of 

infected cells, and the capacity to establish latent infections, primarily in sensory 

ganglia. It encompasses genera including Simplexvirus (HSV-1,2), and Varicellovirus 

(VZV) (2). The Betaherpesvirinae subfamily is characterized by a restricted host range, a 

relatively long reproductive cycle, and slow progression in cultured cells. Infected cells 

often become enlarged (cytomegaly), and carrier cultures are easily established. 

Betaherpesviruses can establish latency in various tissues, such as secretory glands, 

lymphoreticular cells, and kidneys. This subfamily comprises the genera 
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Cytomegalovirus, Muromegalovirus, Proboscivirus, and Roseolovirus, with examples like 

Human Cytomegalovirus (HCMV) and Human Herpesvirus 6 (HHV-6) (2). 

There are two human viruses in the Gammaherpesvirinae family, EBV and KSHV 

(3), and these are two of the seven viruses known to cause human cancer. Over 90% of 

the world's adult population is estimated to be infected with EBV whereas KSHV has 

focal regions of high seroprevalence indicative of endemic infection (3-5). Initial 

infection of both EBV and KSHV occurs either in early childhood, during adolescence, or 

through sexual relations. Both viruses are primarily transferred through saliva from 

caregivers during childhood and through kissing or through blood transfusions or 

transplants (6, 7).  

Viral Life Cycle 

KSHV’s genome is about 165kb long and encodes 90 protein-coding genes and 25 

regulatory RNAs (1, 8). KSHV exhibits a complex viral life cycle that involves infection of 

various cell types, including endothelial cells, B cells, epithelial cells, dendritic cells, 

monocytes, and fibroblasts (5, 9). To gain entry into these cells, KSHV interacts with 

specific host cell surface receptors, such as integrins, cystine-glutamate transporters, 

heparan sulfate, and tyrosine protein kinase receptors (10). Viral binding triggers signal 

transduction cascades that allow the virus to enter the cell via endocytosis and be 

trafficked within the cytoplasm along acetylated microtubules to the nucleus (11).  

KSHV primarily engages with heparan sulfate proteoglycans (HSPGs) present on 

the surface of most cells. This interaction serves to increase viral concentration on the 
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cell surface, thereby facilitating the infection process, as reviewed by van der Meuden et 

al (12). The viral glycoproteins gB and K8.1A are involved in this binding process (13). 

Moreover, the viral complement control protein (KCP), encoded by ORF4, also binds to 

HSPGs. The expression of human exostosin-1 (Ext1), an enzyme responsible for the 

glycosylation of heparan sulfate, plays a role in facilitating KSHV infection (12).  

In terms of cellular entry receptors, KSHV engages a variety of receptors 

depending on the cell type. Some key receptors include DC-SIGN (Dendritic cell-specific 

intercellular adhesion molecule-3 grabbing non-integrin), Ephrin receptors, integrins, 

and xCT (glutamate/cysteine exchange transporter) (12, 13). These receptors facilitate 

KSHV entry into specific cell types. The interactions between these receptors and KSHV 

glycoproteins are critical for viral entry. Endothelial cells and fibroblasts are the primary 

targets for KSHV, with integrins and xCT playing a role in the entry process. In contrast, B 

cells, macrophages, dendritic cells, and monocytes are associated with KSHV-associated 

lymphoproliferative disorders, and receptors like DC-SIGN and Eph receptors are 

involved in infection (9, 12). The specific receptors and mechanisms can vary among 

different cell types.  

Once inside the cell, the viral capsid releases the viral genome into the nucleus. 

The viral DNA circularizes and associates with cellular histones to form a chromatin-like 

structure (2). KSHV can then enter either a latent or lytic phase during its lifecycle. 

During the latent phase, KSHV establishes lifelong infection by expressing a set of 

latency-associated genes, including viral FLICE inhibitory protein (vFLIP), viral Cyclin 
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(vCyclin), latency-associated nuclear protein (LANA), kaposin, and several microRNAs 

(10, 14-17). The expression of these genes promotes cell survival and supports 

tumorigenesis as the gene products inhibit apoptosis and maintain latency. The viral 

genome, circularized in the nucleus, remains as an episome, tethered to the host 

chromosome by LANA. Several viral miRNAs contribute to cell reprogramming and 

prevent reactivation from latency (8, 18). 

LANA is one of the most important KSHV proteins and plays a multifaceted role 

in the establishment of latency in KSHV infection. It recruits host machinery to the viral 

genome and vice versa, recruits DNA methyltransferases to silence cellular gene 

expression, recruits components of the Polycomb Repressive Complex (PRC) to repress 

KSHV lytic gene expression, stimulates protease-mediated cleavage of signal transducer 

and activator of transcription 6 (STAT6) to act as a transcriptional repressor of the host 

immune system, and promotes latent gene expression by recruiting human suppressor 

of variegation, enhancer-of-zeste, and trithorax domain-containing protein 1 (hSET1) for 

methylation of histone H3K4 which allows for active transcription of latency associated 

genes (10). LANA also removes heterochromatinic marks from latent and lytic 

promoters by recruiting lysine demethylase 3A (KDM3A). The SUMOylation of LANA is 

also thought to contribute to the formation of a complex that helps tether the viral 

episome to host cell chromosomes, promoting the establishment of latency. 

Additionally, arginine methylation facilitated by protein methyltransferase 1 (PRMT1) 

enhances LANA's binding to histones. These modifications underscore LANA's crucial 
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role as a master organizer in maintaining KSHV latency as reviewed by Broussard and 

Damania (10). 

Several cellular signaling pathways and host factors play a crucial role in 

maintaining the virus in a latent state. One key pathway is the NF-κB signaling pathway, 

which is constitutively active in KSHV-infected cells. NF-κB transcription factors are 

activated by phosphorylation of the inhibitor protein IκBα, leading to transactivation of 

downstream target genes (12, 13). Activated NF-κB interacts with the replication and 

transcription activator (RTA) cofactor RBP-Jκ, restricting KSHV lytic activity. Two KSHV 

latent gene products, such as K15 and vFLIP, stimulate the NF-κB pathway, and a viral 

micro-RNA, miR-K1, further upregulates NF-κB by targeting IκBα mRNA (18). These 

interactions highlight the importance of the NF-κB pathway in the KSHV life cycle. 

Another crucial pathway is the STAT3 signaling pathway, which is constitutively 

active in latently infected cells. Inhibition or disruption of STAT3 activity can lead to 

decreased levels of the transcriptional repressor KAP1, promoting lytic reactivation (15). 

Additionally, cellular immune sensors and interferon (IFN) responses contribute to the 

maintenance of KSHV latency (19). Proteins like IFI16 and immune defense proteins like 

ISG15 and IFIT family members are involved in restricting lytic gene expression (20). 

Host factors, both epigenetic and non-epigenetic, regulate the expression of the viral 

master switch protein RTA, preventing lytic reactivation (10, 15). This multifaceted 

control over RTA includes mechanisms such as epigenetic silencing, interference with 

RNA polymerase II phosphorylation, competitive binding, and miRNA regulation Our lab 
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has previously demonstrated that RTA induces autophagy within cells to increase lytic 

reactivation as well as can degrade cellular repressors of RTA such as K-RBP (15, 21, 22). 

The intricate web of interactions between host factors, cellular pathways, and viral 

genes underscores the importance of these processes in maintaining KSHV latency. 

In contrast to the latent phase, the lytic phase of KSHV allows the virus to 

replicate and produce infectious progeny. This phase involves the expression of 

immediate-early (IE), delayed-early (DE), and late genes, with the key lytic protein being 

RTA (10, 23). The viral genome undergoes replication via a rolling circle mechanism, 

leading to the production of linear genomes that are packaged into capsids. While latent 

genes are expressed in most tumor cells, lytic genes and their encoded viral proteins are 

produced by a small subset of reactivated cells.  

The reactivation of KSHV from latency is initiated by the expression of RTA, the 

master lytic switch protein. Once RTA reaches sufficient levels, it can outcompete LANA 

for binding to its major cofactor, recombination signal binding protein (RBP-Jκ), allowing 

it to transactivate numerous lytic genes (15). A critical promoter targeted by RTA is its 

own, forming a feed-forward loop that overcomes the repressive latent state and 

ensures an increase in lytic gene expression. Other lytic proteins, such as K8 and ORF57, 

cooperate with RTA to sustain this feed-forward loop and regulate the lytic cycle. RTA 

also serves as an E3 ubiquitin ligase, marking proteins like K-RBP and vFLIP for 

proteasomal degradation to promote lytic reactivation. The abundance of RTA is tightly 
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regulated by transcriptional growth factors like nuclear receptor coactivator 1 and virally 

expressed vSP-1, ensuring precise control of virus reactivation (24, 25). 

RTA activation is responsive to environmental stimuli. Hypoxia, low oxygen 

levels, can stabilize hypoxia-inducible factor 1 subunit alpha (HIF-1α), which interacts 

with human transcription factors like X-box binding protein 1 (XBP-1) to transactivate 

the RTA promoter and induce KSHV lytic activity (26, 27). XBP1-s, an active form of XBP1 

upregulated during B cell differentiation, is another cellular stimulus involved in 

controlling RTA expression. This responsiveness to environmental cues allows KSHV to 

sense and adapt to its surroundings through the interplay of viral and host factors, 

ultimately leading to reactivation from latency (28). 

KSHV also employs various viral factors to specifically counteract viral sensing 

and antiviral defenses in the cellular intrinsic immune system. Viral interferon regulatory 

factor 1 (vIRF1) hinders the cGAS-STING-mediated IFNβ induction by blocking STING 

from binding TANK-binding kinase 1 (TBK1), which facilitates KSHV reactivation (29). 

Late lytic gene products target IFI16, a sensor of pathogenic DNA, for degradation, 

keeping the chromatin landscape open for lytic cycle activity (10). ORF63 inhibits the 

formation of inflammasome complexes, subverting their typical antiviral role and 

supporting KSHV reactivation. The mitochondrial anti-viral and the retinoic acid-

inducible gene I pathways can slow down the progression of the lytic cycle, but others, 

such as toll-like receptors (TLRs), can trigger reactivation when stimulated by co-

infection with other viruses (5, 19).  
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Clinical targeting of KSHV lytic reactivation and viral replication has been 

attempted in KS and MCD. In MCD, the viral replication inhibitors, zidovudine and 

valganciclovir, have shown effectiveness with a clinical response of over 80% (5, 19). 

However, their effectiveness in treating KS remains limited, highlighting the 

complexities of targeting KSHV infection and KS tumorigenesis in various clinical 

contexts. In summary, KSHV exhibits a dual life cycle involving latent and lytic phases, 

with latency promoting cell survival and tumorigenesis, while lytic replication allows the 

virus to produce infectious progeny (Figure 1.1) (5). Clinical efforts to target lytic 

replication have shown promise, however, this method does not address the need to 

KSHV-infected cells in latency and thus has had limited success. 
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Figure 1.1. Adapted from Cesarman, et al (5). Viral life cycle of KSHV.  

Associated pathologies (KS, MCD, PEL, KICS) 

KSHV seroprevalence varies worldwide, with hotspots in sub-Saharan Africa, 

Mediterranean Italy and Sicily, Amazonia, and Western China (4, 30, 31). Currently, 

there are four pathologies associated with KSHV infection: Kaposi sarcoma (KS), 

Multicentric Castleman's disease (MCD), primary effusion lymphoma (PEL), and KSHV 

inflammatory cytokine syndrome (KICS) (5). MCD and PEL are visceral 

lymphoproliferative disorders of KSHV-infected or KSHV/EBV co-infected B cells whereas 

KS is a tumor that typically expresses endothelial cell markers and can present as 
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cutaneous, mucosal, and occasionally visceral disease (5). The cellular origin of KS is still 

under investigation but is thought to be from dedifferentiated endothelial cells or 

dysregulated mesenchymal stem cells due to their unique surface marker presentations 

(32).  

Kaposi Sarcoma 

The highly angiogenic cancer now known as Kaposi Sarcoma was first described 

in 1872 by Dr. Moritz Kaposi in the Mediterranean basin. an increase in incidence 

worldwide within the HIV-infected population in the early 1980s during the HIV 

epidemic leading to the discovery of its etiologic agent, KSHV, in 1994 by Chang et al. 

Until the HIV epidemic, KS was initially reported in elderly Mediterranean males of 

Jewish descent and was rarely reported outside the Mediterranean. KS is a highly 

angiogenic cancer with a dark purple or red presentation with spindle-like shaped cells. 

The typical histopathology of a KS lesion suggests that the majority of cells within the 

tumor are KSHV infected, however, the percentage of KSHV-infected cells can vary 

between 20 and 90% positive (33). This, along with the relatively small percentage of 

KSHV-infected individuals who develop cancer, suggests that KSHV infection is required 

for tumorigenesis, but additional co-factors are required.  

Kaposi Sarcoma Presentations 

 There are currently four clinical types of KS based on demographics or other 

clinical characteristics of the affected: Classical (cKS), Endemic (EnKS), Epidemic KS 

(EpKS), and Iatrogenic KS (iKS). Classical KS is typically only seen in elderly men of 
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Mediterranean or Middle Eastern descent in the absence of HIV co-infection or 

immunosuppression. EnKS incidence varies greatly in Africa, rates in northern African 

countries have been recorded at 0.5-1.5 per 1000 person-years whereas SSA rates can 

be greater than 9 per 1000 person-years (5). EpKS is the most common type of KS and is 

found in HIV-positive individuals from Africa where the seroprevalence of KSHV 

infection is also the highest worldwide. Iatrogenic KS is also rare and is seen in 

transplant patients or individuals with an immunosuppressive disease.  

Kaposi Sarcoma Global Prevalence and Burden 

 The global prevalence of both KSHV infection and KS presentation varies by 

region. The highest incidence of both virus and cancer is in sub-Saharan Africa (SSA) and 

specific regions of the Mediterranean basin and the HIV-positive population in South 

America (Figure 1.2). The seroprevalence of KSHV is significantly elevated in sub-

Saharan Africa, with certain populations exhibiting prevalence rates exceeding 90%, in 

contrast to the Mediterranean region where prevalence ranges between 20% to 30%, 

and North America, where it is less than 10%. The geographical variation of KSHV 

infection has not been completely explained, however, a correlation with malaria and 

other parasitic infections may increase the rates of viral shedding in saliva has been 

observed (34). Genetic variations within KSHV subtypes and human genetics also likely 

play a role in population susceptibility, however, the important polymorphisms that play 

a crucial role in infection have yet to be elucidated (35).  
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Kaposi Sarcoma incidence is two to three times higher in men than women 

regardless of HIV status, although the driving factor for this disparity has yet to be 

identified. In 2017, a study by the AIDS-Defining Cancer Project Working Group spanned 

57 countries and recruited over 200,000 patients. They reported that SSA was most 

affected by KS with a burden of 280 per 100,000 person-years as compared to 237 and 

244 in North and South America respectively (36). The introduction of combination 

antiretroviral therapy (cART) in 1996 led to a significant decrease in AIDS-related KS, but 

the impact of cART in sub-Saharan Africa remains less clear due to limited data. While 

global AIDS-related KS incidence has decreased with cART, KS cases continue to occur 

among HIV-infected individuals. The prevalence and incidence patterns of KSHV in the 

era of HIV and cART may influence all forms of KS, but this area remains relatively 

underexplored. Notably, there are indications that classic KS risk groups are evolving, 

with some studies suggesting that fewer patients with Mediterranean backgrounds and 

an increased proportion of MSM are presenting with classical KS (37). 
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Figure 1.2. Adapted from Cesarman, et al (5). Global prevalence of KSHV and KS. 

HIV-1 as a KSHV Co-factor 

 During the HIV epidemic, KS was categorized as an AIDS-defining malignancy as 

the incidence rate dramatically increased in the HIV-positive population. However, in 
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HIV-uninfected individuals, KS development often coincides with a form of immune 

suppression such as in transplant patients or elderly individuals (5). As previously 

mentioned, rates have decreased with HIV ART use, however, KS continues to be one of 

the top ten most prevalent cancers in sub-Saharan Africa (38). In coinfected individuals, 

HIV induces the production of various cytokines that affect KSHV's life cycle (39).  

Multiple signaling pathways are involved in HIV-1-induced KSHV reactivation, 

including the PI3K/AKT, MAPK, and NF-κB pathways (40). HIV-1 Tat, a regulatory protein 

encoded by HIV, has been identified as a significant contributor to AIDS-KS. Tat is known 

to enhance KSHV lytic replication by modulating the JAK/STAT pathway through the 

induction of human interleukin-6 (IL-6) and its receptor (41-44). Additionally, Tat can 

activate pro-inflammatory and proliferative genes in KS, promoting angiogenesis and 

proliferation. HIV-1 Nef, another viral protein, plays a role in the oncogenesis of KSHV by 

cooperating with KSHV viral interleukin-6 (vIL-6) to facilitate angiogenesis and 

oncogenesis through manipulation of the AKT signaling pathway. These HIV viral 

proteins, in synergy with KSHV-encoded genes, influence the balance between KSHV 

latency and lytic production. 

Furthermore, KSHV affects HIV by influencing its transmission and replication. 

KSHV receptor DC-SIGN is expressed on various immune cells, and KSHV-stimulated 

dendritic cells capture more HIV viral particles and enhance HIV-1 transport to CD4 T 

cells (45). KSHV-encoded genes, such as ORF50 and ORF45, can also activate HIV-1 

replication, promoting a bidirectional interaction between the two viruses (46). KSHV 
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LANA and HIV Tat cooperate to transactivate HIV-1 LTR, further illustrating the complex 

interplay between these two viruses in coinfection scenarios.  

Kaposi Sarcoma Histogenesis 

 Kaposi's Sarcoma is a multifactorial disease that arises from the interaction of 

various factors, requiring KSHV infection, a compromised immune system, and 

environmental factors for its development. Unlike many tumors with a monoclonal 

point of origin, KS has been suggested to be both monoclonal and, occasionally, 

oligoclonal (2, 47, 48). The monoclonal nature of KSHV suggests that a single viral 

variant may play a predominant role in the development of Kaposi's sarcoma (KS) 

tumors. This implies that a specific strain of the virus may have unique properties or 

adaptations that contribute to the oncogenic process. On the other hand, the 

oligoclonal nature indicates the presence of multiple viral variants, potentially 

contributing to the complexity and heterogeneity observed in KS tumors. Understanding 

the interplay between monoclonal and oligoclonal infections is crucial for deciphering 

the mechanisms of tumor development and persistence. Continued exposure to viral 

genes, disruption of cell cycle regulation, cytokine stimulation, and local inflammation 

are essential for the transformation of KSHV-infected endothelial cells into a neoplasm.  

 Several viral proteins contribute to KS oncogenesis. LANA-1, expressed during 

the latent phase, upregulates various factors that promote cell survival, inhibit 

apoptosis, and interfere with tumor suppression mechanisms (5, 10, 49). These LANA-

induced factors include, but are not limited to, vFlip, vCyclin, beta-catenin, c-Myc, and 
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inhibition of p53, ultimately contributing to the survival and immortalization of future 

tumor cells (50). v-IL6, another viral protein, plays a pivotal role in angiogenesis, cell 

proliferation, and invasion through the downregulation of human caveolin-1 (CAV1) (44, 

51). The downregulation of CAV1 leads to the formation of a STAT3-DNMT1 complex, 

which epigenetically silences the CAV1 promoter. 

KS development involves angiogenesis which is the formation of new blood 

vasculature within the TME as opposed to non-angiogenic tumors which exploit pre-

existing blood vessels in tissue. KS promotes the secretion of VEGF-A in normoxic 

conditions through several KSHV proteins, including LANA-1, vIRF3, and vGPCR (52-59). 

This promotes angiogenesis, where angiopoietin 2 significantly promotes KS through the 

ERK, JNK, and MAPK pathways (39, 40, 60). KSHV miRNAs also target THBS1, a regulator 

of angiogenesis and a suppressor of tumor-promoting proteins. 

KSHV-infected endothelial cells experience increased vascular permeability due 

to the downregulation and degradation of VE-cadherin, resulting in the loss of 

endothelial cell junctions (61). This further promotes angiogenesis. MMPs, enzymes that 

remodel the extracellular matrix, facilitate angiogenesis by disrupting the basement 

membrane, allowing invasion and migration of endothelial and Kaposi spindle cells (62). 

vIRFs, LANA, k-bZIP, and other viral proteins play roles in downregulating the interferon 

pathway (63). vCCL proteins, originally known as vMIPs, downregulate the immune 

response, leading to chronic inflammation and suppression of the immune system (15, 

19, 63). 
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 The exact cellular origin for the spindle-like cells in KS lesions has yet to be 

elucidated. Cells in the KS tumor express many cell surface markers indicative of both 

endothelial cells (CD34, CD31, Prox-1, and LYVE-1) and mesenchymal stem cells (CD105, 

CD90, and CD73) regardless of KSHV infection status (32, 64-68). The co-expression of 

markers like CD34, Prox-1, CD90, and CD105 has led to two main hypotheses for the 

cellular origin of KS; the first is that circulating endothelial cells, which have been 

proposed by Lagunoff, et al to harbor latent KSHV, are incompletely differentiated into a 

lymphatic and vascular endothelial cell hybrid (64, 69-71). The second hypothesis is that 

KS lesions originate from infected mesenchymal stem cells that have undergone at least 

partial but perhaps indistinct mesenchymal to endothelial transition (MEndoT) (Figure 

1.3) (32, 66, 72, 73).  

 

Figure 1.3. Adapted from Piera-Velazquez and Jimenez (73). Endothelial to mesenchymal 
transition.  
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Immune Responses to Kaposi Sarcoma 

 KSHV employs a multi-faceted approach to subvert the host's intrinsic and 

cellular immune responses as reviewed by Broussard, et al (19). This strategy begins 

with disrupting the host's ability to detect viral invasion, particularly through the 

manipulation of pattern recognition receptors (PRRs), which are essential for 

recognizing pathogens. KSHV impacts various PRRs, including Toll-like receptors (TLRs), 

NOD-like receptors (NLRs), and cytosolic DNA sensors. For instance, KSHV proteins 

interfere with TLR signaling pathways, preventing the activation of downstream antiviral 

responses (5). Moreover, the virus targets NLRs, which are cytosolic sensors for 

pathogen-associated molecular patterns (PAMPs). By disrupting these crucial sensors, 

KSHV avoids triggering the host's antiviral responses, a pivotal mechanism in 

maintaining persistent infection. 

In addition to manipulating PRRs, KSHV interferes with the host's interferon 

response. Interferons play a critical role in inducing antiviral pathways and restricting 

viral replication. KSHV utilizes viral proteins such as vIRFs to inhibit interferon responses, 

which are important for activating immune defenses (5, 19). Additionally, the virus 

encodes various proteins that suppress the activation and signaling of interferon 

regulatory factors (IRFs), further hampering the host's ability to mount an effective 

immune response against the virus. 

KSHV's manipulation of cellular immunity is not limited to intrinsic defenses. It 

extends to modulation of immune cells and cytokine signaling. The virus induces chronic 
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inflammation by promoting the secretion of pro-inflammatory cytokines, such as IL-6 

and TNFα, while simultaneously elevating immunosuppressive cytokines like IL-10 (19, 

74). This inflammatory milieu allows infected cells to thrive while crippling the host 

immune system. Furthermore, KSHV encodes viral homologs of cellular chemokines that 

influence the localization of immune cells, directing the immune response to favor the 

virus (19, 75, 76). 

The virus also subverts cell-mediated immunity by disrupting immune cell 

recognition and cytotoxicity. KSHV proteins degrade MHC-I and MHC-II molecules, 

hindering the ability of CD8+ T cells and CD4+ T helper cells to recognize and eliminate 

infected cells (75). The loss or inhibition of T cell function can lead to viral reactivation 

and tumorigenesis. Both systemic KSHV-specific T cells and tumor-infiltrating T cells 

have a significant impact, and their role in controlling KSHV and KS is not yet fully 

understood. It has also been observed that KS patients have increased transcription as 

well as protein production of key T cell signaling cytokines such as CXCL9, 10, and 11 

(77). However, despite the production of these cytokines, there is a marked absence of 

T cell infiltration within KS lesions; suggesting that KS lesions are creating the necessary 

signals for a cellular response but there is also a barrier preventing an effective T cell 

response.  

 Antibody responses to KSHV are challenging to assess due to the heterogeneity 

of the virus and its numerous antigens. Previous studies have described the 

development of antibodies against KSHV in early childhood where more than 60% of 
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children in Sub-Saharan Africa countries seroconvert by the age of 4 (76, 78, 79). Robust 

ELISAs using recombinant proteins have been developed to detect KSHV-specific 

antibodies, but there are no FDA-approved assays, and commercial options are limited. 

The levels of KSHV-specific antibodies are significantly higher in patients with KSHV-

associated diseases (79, 80). A study by Labo et al identified several KSHV antigens that 

showed distinct reactivity patterns, allowing discrimination between infected and non-

infected individuals (79). While the reasons for the diverse antibody responses are not 

entirely clear, the findings offer insights into KSHV infection, its natural history, and 

potential correlations with disease states. LANA was one of the most immunologically 

reactive KSHV proteins in the above experiment, a finding which was confirmed by 

Bennett et al utilizing a phage display platform VirScan to quantify antibody responses in 

KSHV-infected individuals (80).  

 To address the lack of neutralizing antibodies during asymptomatic KSHV 

infection, Poppe et al. investigated the role of non-neutralizing antibodies and their 

potential to mediate antibody-dependent cell cytotoxicity (ADCC) by an NK cell line (81). 

ADCC is a vital immune response mechanism in which effector cells, typically natural 

killer (NK) cells, recognize and eliminate target cells, such as infected or cancerous cells, 

that have been marked by antibodies (immunoglobulins). The process involves the 

binding of the antibodies' Fc region to Fc receptors (CD16) on the surface of NK cells, 

resulting in NK cell activation. Once activated, NK cells release cytotoxic granules 

containing perforin and granzymes, inducing apoptosis in the target cell (82). ADCC plays 
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a crucial role in immune defense against pathogens and tumor cells, as it enhances the 

elimination of antibody-coated targets, contributing to the body's ability to combat 

infections and malignancies. However, Poppe et al. demonstrated that KSHV 

seropositive individuals possess antibodies capable of mediating ADCC, but this ability 

was observed in only approximately 35% of seropositive individuals, who demonstrated 

significantly higher ADCC activity compared to seronegative controls. These findings are 

in contrast to other herpesviruses like HCMV, HSV-1, and EBV, where the majority of 

seropositive individuals appear to have ADCC-mediating antibodies (81). The study 

found no correlation between ADCC responses and KS status or disease progression, 

suggesting that ADCC-mediating antibodies alone might not protect against KS 

development. 

Kaposi Sarcoma Transcriptomic Dysregulation 

 In recent years, attention has been focused on understanding KS lesions at a 

mRNA transcript level to identify the changes associated with KSHV infection and KS 

development (71, 74). Studies by Tso et al. and Lidenge et al. compared transcriptomic 

profiles of EpKS, EnKS, and uninvolved skin (74, 77). The research involved sequencing 

skin tissues from KS patients and contralateral uninfected tissues and revealed that KS 

tumor tissues have highly variable gene expression patterns, irrespective of HIV-1 co-

infection. Interestingly, the study found that KS lesions show both latent and lytic KSHV 

gene expression, but this pattern is not influenced by HIV-1 co-infection or antiretroviral 

therapy (ART). However, despite higher HIV-1 viral loads and a longer duration of KS in 
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endemic KS (EnKS) patients, gene expression changes did not correlate significantly with 

these factors. Moreover, the study found that KS tumors exhibit metabolic changes 

involving glycolysis and altered lipid metabolism that are central to KS tumorigenesis, 

and these changes appear to be independent of ART or direct HIV-1 infection (Figure 

1.4) (77). 

 The transcriptomic profiles from KS lesions have also been compared to most of 

the commonly used in vitro cell lines for KSHV infection (83). Even though glucose and 

lipid dysregulation seen in the tumors have also been suggested from in vitro infection 

studies, the overall transcriptomic comparison revealed only about 10% overlap 

between transcriptomic changes seen in KS tumors and those in cell lines. This, suggests 

that the current in vitro models cannot accurately mimic the changes that are seen in 

vivo and that further studies in human tissues are needed to answer questions regarding 

KSHV and KS, or the use of mouse models that can be reflective of human KS lesions 

(77). 
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Figure 1.4. Adapted from Tso, et al (77). Dysregulated genes involved in fatty acid 
metabolism and glucose metabolism disorder in KS tissue.  

Kaposi Sarcoma Metabolism 

KS tumors exhibit unique metabolic characteristics that distinguish them from 

surrounding healthy tissues (74, 84). Studies have shown that both glycolysis and fatty 

acid synthesis are highly active in KS tumors, leading to increased glucose consumption 

and lipid production. This metabolic shift, known as the Warburg effect, is a hallmark of 

cancer cells and contributes to their growth and survival (85-87). In KS, it appears that 

KSHV manipulates host cell metabolism to its advantage. For instance, KSHV-encoded 
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proteins can stimulate glycolysis and enhance glucose uptake, promoting an 

environment conducive to viral replication (88, 89). 

Furthermore, KS tumors exhibit increased levels of glutaminolysis, a metabolic 

pathway involving the conversion of glutamine into energy and biomass for cell growth 

(74). Glutaminolysis is crucial for KSHV-infected cells, as it provides the necessary 

substrates for viral DNA synthesis (83, 90-92). Some studies have suggested that 

inhibiting glycolysis or glutaminolysis can disrupt KSHV replication, making these 

metabolic pathways potential targets for therapeutic intervention (19, 90). While the 

exact mechanisms of how KSHV modulates cellular metabolism in KS are still not fully 

understood, metabolic reprogramming plays a crucial role in KSHV infection and KS 

pathogenesis (26, 85-89, 92-94). Understanding these metabolic alterations may provide 

new insights into the development of targeted therapies for KS, thus we sought to 

identify metabolic markers of KS pathogenesis. 

Research Aims 

Even in regions where the KSHV infection rate exceeds 90%, only a small 

population of individuals progress to cancer development. Many studies have tried to 

identify the drivers of tumorigenesis but have been restricted to suboptimal cell models 

and limited access to African patient samples. Very little is known about how changes to 

human gene expression as a result of long-term KSHV infection or KS disease 

progression affect the overall tumor microenvironment. It is important to explore the 
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effects that change in cellular gene expression and metabolism have on the overall 

environment and how different features are correlated to KS progression. 

Thus, our primary hypothesis is as follows: Comparative transcriptomics and 

metabolomics between Kaposi Sarcoma patients and KSHV-infected individuals will 

identify biomarkers of KS disease development and progression that can be tested using 

in vitro and ex vivo models. This hypothesis was tested in the following aims: 

• Identification and validation of upregulated human cell surface markers as 

indicators of KS or as targets for anti-tumor therapy. 

• Analysis of endothelial cell phenotype based on transcriptomics and protein 

expression to elucidate the cellular origin of KS lesions. 

• Identification of differential polar and non-polar plasma metabolites in KSHV-

infected asymptomatic individuals and KS patients. 

• Integration of plasma metabolomics and KS lesion transcriptomics for the 

identification of important pathways in KS disease progression. 

• Comparison of cytokine profiles between EpKS and asymptomatic 

KSHV+HIV+ individuals by plasma proteomics approaches.  
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CHAPTER 2 

UPREGULATION OF CELL SURFACE GLYCOPROTEINS IN CORRELATION 

WITH KSHV LANA IN THE KAPOSI SARCOMA TUMOR 

MICROENVIRONMENT 

Abstract 

HIV-associated epidemic Kaposi sarcoma (EpKS) remains one of the most 

prevalent cancers in sub-Saharan Africa despite the widespread uptake of anti-retroviral 

therapy and HIV-1 suppression. In an effort to define potential therapeutic targets 

against KS tumors, we analyzed previously published KS bulk tumor transcriptomics to 

identify cell surface biomarkers. In addition to upregulated gene expression (>6-fold) in 

the EpKS tumor microenvironment, biomarkers were selected for correlation with KSHV 

latency-associated nuclear antigen (LANA) expression. The cell surface glycoprotein 

genes identified were KDR, FLT4, ADAM12, UNC5A, ZP2, and OX40, as well as the 

endothelial lineage determinants Prox-1 and CD34. Each protein was evaluated for its 

expression and co-localization with KSHV LANA using multi-color immunofluorescence in 

KS tissues, KSHV-infected L1T2 cells, uninfected TIVE cells, and murine L1T2 tumor 

xenografts. Five surface glycoproteins (KDR, FLT4, UNC5A, ADAM12, and CD34) were 

associated with LANA-positive cells but were also detected in uninfected cells in the KS 

microenvironment. In vitro L1T2 cultures showed evidence of only FLT4, KDR, and 

UNC5A, whereas mouse L1T2 xenografts recapitulated human KS cell surface expression 

profiles, with the exception of CD34 and Prox-1. In KS tumors, most LANA-positive cells 



40 

co-expressed markers of vascular as well as lymphatic endothelial lineages, suggesting 

KS-associated dedifferentiation to a more mesenchymal/progenitor phenotype. 

Introduction 

Kaposi Sarcoma-associated herpesvirus (KSHV), the etiologic agent of Kaposi 

Sarcoma (KS), pulmonary effusion lymphoma (PEL), multicentric Castleman’s disease 

(MCD), and KSHV-induced inflammatory cytokine syndrome (KICS), was discovered in 

1994 by Chang and Moore (1, 2). The incidence of KS varies depending on geographical 

location, lifestyle choices, and HIV-1 coinfection status (3, 4). KS occurs at a high 

prevalence in sub-Saharan Africa (SSA), isolated regions of South America, and the 

Mediterranean basin (5, 6). KS presents in four distinct forms: classical KS, observed in 

elderly Mediterranean men; iatrogenic KS, associated with therapeutic 

immunosuppression in organ transplantation; endemic KS (EnKS), in African individuals 

without human immunodeficiency virus (HIV-1) co-infection; and epidemic KS (EpKS), in 

the HIV-1 infected (3, 7). Based on clinical presentation during the early HIV epidemic, 

where KS became the most prevalent cancer in the HIV-infected individuals, EpKS was 

considered an acquired immune deficiency syndrome (AIDS)-defining disease (8). The 

widespread use of ART treatment, including in SSA, and the resulting increase in HIV-1 

suppression has led to decreased EpKS incidence in the US and Europe. Yet, both EpKS 

and EnKS continue to occur at a high incidence. KS is still one of the most incident 

cancers in SSA, and EpKS continues to present at a high incidence in the HIV-infected, 

despite plasma viral load suppression (6, 9). 
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KS is a highly vascularized cutaneous lesion characterized by the slit vasculature 

and spindle morphology of growth deregulated cells, which are seemingly of endothelial 

origin (10, 11). Previously published bulk transcriptomic data from 24 KS tumors 

compared to cognate normal skin biopsies revealed an increased expression of 

transcripts related to the vascular endothelial growth factor (VEGF) pathways, namely, 

FLT4 and KDR, which are receptors for VEGF C/D and B, respectively (12, 13). The 

upregulation of FLT4 has also been observed in some KSHV-infected endothelial cell 

lines (14). In vitro findings from KSHV-infected primary endothelial cells linked the 

expression of FLT4 with an increased expression of the transcription factor Prox-1, a 

lineage-defining marker of lymphatic endothelial cells (15, 16). An alternate endothelial 

cell marker CD34, also found on hematopoietic stem cells, is known to be robustly 

expressed in KS lesions, (17, 18). These heterogeneous findings raise questions about 

the cellular origin of KS tumor cells and the tissue-specific driver pathways of 

tumorigenesis. 

Despite KSHV being discovered over 25 years ago, models of sustained infection 

are few, and those of tumorigenesis are even more limited. Fixed human tissues are not 

conducive for mechanistic studies or for evaluating biomarkers for therapeutic 

potential; thus, we are exploring the validity of KSHV-infectable telomerase 

immortalized vein endothelial cells (TIVE) and the long-term KSHV-infected L1T2 cell line 

(19, 20) in recapitulating in vivo KS tumor microenvironment characteristics. Consistent 

with observations from human KS lesions, tumors derived from L1T2 cells have variable 
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percentages of KSHV-infected spindle cells throughout the tumor (20). Here, we explore 

the extent to which tumor cell surface marker phenotypes in L1T2 xenografts reflect 

those from human KS lesions. 

We describe the identification of a panel of highly upregulated cell surface 

glycoproteins from data mining of our previous comparative human KS transcriptomics 

as well as the validation and expression of the identified panel in KS tissues, KSHV-

infected cell lines in vitro, and cell line explants in NSG mice. We also explore the 

alternative endothelial cellular origins of KS lesions and demonstrate the extent to 

which explant KSHV-infected cell lines and explant models recapitulate the human KS 

microenvironment and expression patterns. 

Materials and Methods 

Patient Sample Collection 

Approval to conduct this study was obtained from the review boards of Tanzania 

National Institute for Medical Research, Ocean Road Cancer Institute (ORCI), University 

of Zambia Biomedical Research Ethics Committee; the University of Nebraska-Lincoln 

(UNL); and the Louisiana State University Health Sciences Center—New Orleans 

(LSUHSC-NO) IRBs. Sample collection for this study was as described in Lidenge et al. 

(12). Informed consent was obtained from all subjects involved in the study. 

Compliance 

All animal experiments for generating KS cell line xenograft models were 

reviewed and approved by the UNL Institutional Animal Care and Use Committee 
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(IACUC) protocol (ID 1812). All personnel who were involved with the mice studies 

underwent training in appropriate methods to accomplish these procedures. 

Cell Culture 

L1T2 cells, obtained from ATCC, were cultured in DMEM supplemented with 10% 

FBS and 1% penicillin/streptomycin and passaged every 3–4 days. At the onset of this 

project, L1T2 cells were available for purchase from ATCC but are no longer available 

despite having been demonstrated to maintain long-term KSHV infection and to induce 

tumors upon xenotransplantation into immunodeficient mice (20). TIVE cells, kindly 

provided by Rolf Renne, were cultured in Medium 199 supplemented with 20% FBS, 1% 

penicillin/streptomycin, 1% 200 mM L-Glutamine, and 30 mg Endothelial Cell Growth 

Factor (Sigma, Burlington, MA, USA) and reportedly lack the capacity to produce tumors 

in immunodeficient mice (19). The media were changed two times per week, and the 

cells were split 1:2 when the culture reached ~60% confluency. 

 L1T2 Murine Xenograft Generation 

The protocols for the preparation and xenografting of mice with human tissues 

or cell lines have been previously published (21). Briefly, 6–8-week-old NOD-scid 

IL2Rgammanull (NSG) mice were acquired from Jackson Labs, Bar Harbor, ME, USA (Stock 

Number 005557). The animals were housed in negative pressure individually HEPA-

filtered microisolator racked caging. Environmental controls in-cage and in-facility were 

monitored and maintained by a centralized computer network. All procedures were 

carried out in a Class II Type A2 biological safety cabinet. To maintain a liquid state, 100 
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µL of growth factor-depleted Matrigel (BD Biosciences, San Jose, CA, USA) was mixed 

with 1 × 106 L1T2 cells (ATCC® VR1802, Manassas, VA, USA) in 100 µL cold-PBS and 

injected subcutaneously into the flank of each irradiated NSG mouse. The mice were 

observed daily for palpable tumors. Tumor growth was followed by caliper 

measurements of volume (length, depth, and width) until sacrifice. The mice were 

anesthetized with isoflurane (5% induction, 2% maintenance) during the xenograft 

transplantation process, and then tumor growth was monitored by a caliper. During 

euthanasia, the tumor and major organs such as the spleen, liver, and lung were 

excised; half of each tissue was frozen in liquid nitrogen immediately after dissection, 

and the other half was fixed in 10% neutral-buffered formalin for pathological and 

molecular analyses. 

Immunohistochemistry (IHC) 

Formalin-fixed, paraffin-embedded (FFPE), KS tumor biopsy specimens were 

sectioned into adjacent 6 μm-thick sections for protein detection, as described in Tso et 

al. (22). Briefly, the slides were deparaffinized in xylene and rehydrated in graded 

ethanol washes, followed by 30 min treatment with 2% hydrogen peroxide in methanol 

to quench endogenous peroxidase activity. The slides then underwent antigen retrieval 

in sodium citrate solution pH 6.0 for 15 min at 98 °C. The slides were blocked for 30 min 

using Bloxall (Vector Labs, Newark, CA, USA), followed by primary antibody application 

and overnight incubation at 4 °C. The antibodies used for IHC were as follows: mouse 

anti-LANA (Leica, Deer Park, IL, USA, 1:100), rat anti-LANA (Abcam, Boston, MA, USA, 
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1:100), mouse-anti CD34 (Invitrogen, Boston, MA, USA 1:200), rabbit-anti Prox-1 

(Abcam, 1:500), rabbit-anti KDR (ProteinTech, Rosemont, IL, USA, 1:1500), rabbit-anti 

FLT4 (Invitrogen, 1:800), rabbit-anti ADAM12 (Invitrogen, 1:500), rabbit-anti UNC5A 

(ProteinTech, 1:300), rabbit-anti OX40 (Novus, Centennial, CO, USA 1:500), rabbit-anti 

ZP2 (Invitrogen, 1:5000). The slides were then washed, and the species-appropriate 

HRP-labeled polymeric secondary reagent was applied for 30 min at RT, followed by the 

addition of diaminobenzidine for chromogen deposition. Hematoxylin was used for 

counterstaining. 

Dual-Immunofluorescence (IF) 

Dual IF was used to visualize protein colocalization. As described in the IHC 

protocol, adjacent slides were deparaffinized, followed by antigen retrieval in sodium 

citrate solution for 15 min at 98 °C, and then blocked for 30 min using Bloxall (Vector 

Labs). Primary antibodies were added, and the slides were incubated at 4 °C overnight. 

The primary antibodies used are as follows: rat anti-LANA (Abcam, 1:100), mouse-anti 

CD34 (Invitrogen, 1:200), rabbit-anti Prox-1 (Abcam, 1:500), rabbit-anti KDR 

(ProteinTech,1:200), rabbit-anti FLT4 (Invitrogen, 1:100), rabbit-anti ADAM12 

(Invitrogen, 1:100), rabbit-anti UNC5A (ProteinTech, 1:100), rabbit-anti OX40 (Novus, 

1:100), and rabbit-anti ZP2 (Invitrogen, 1:100). After washing, the slides were incubated 

with their corresponding secondary antibody (chicken anti-rat AF647 (Invitrogen, 1:100), 

donkey anti-mouse AF488 (Invitrogen, 1:100), donkey anti-rabbit AF488 (Invitrogen, 

1:100), donkey anti-rabbit AF647 (Invitrogen, 1:100)) for 2 h at RT. The slides were then 
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counterstained with 300 nM DAPI for 30 min at RT and mounted using Fluoro-gel 

(Electron Microscopy Sciences, Hatfield, PA, USA). 

Imaging 

IHC imaging was performed using the Motic EasyScan One. IF imaging and cell 

quantification were performed using the BZX Fluorescence Microscope and the Keyence 

Hybrid Cell Quantification software version 1.1.1.8. 

Statistical Analysis 

Pearson’s correlation coefficients were used to identify transcript correlations. 

Non-parametric Kruskal–Wallis with Dunn’s multiple comparisons tests were used in 

GraphPad Prism v9 to compare protein expression within KS tumors. 

Results 

Identification of Glycoprotein Transcripts That Correlate with KSHV LANA 

Using the transcriptomic dataset described in Lidenge et al. (2020) (12), we 

identified six transcripts that were uniformly upregulated by more than 6-fold in all KS 

tumors as compared to cognate normal skin controls (Figure 2.1 A and B). These 

transcripts encode empirically demonstrated or informatically implied membrane-

associated proteins. Their expression was correlated with the presence of KSHV latently 

infected cells, as measured by LANA expression. The expression of LANA was correlated 

with the extent of KSHV infection (KSHV viral burden) within the KS tumor (rp = 0.6166). 

Despite variable transcriptomic expression (on average 1.40-fold upregulated), CD34 

was included for lineage discrimination since it has been detected previously in KS 
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lesions at the protein level and is a marker for vascular endothelial cells and 

hematopoietic stem cells (18, 23). Prox-1, a nuclear marker for lymphatic endothelial 

cells, was included for lineage discrimination; it was upregulated 21.52-fold in KS tumors 

and highly correlated with KSHV LANA (16). Prox-1 has also been implicated in KSHV 

maintenance in cell culture models and may also contribute to lytic reactivation (15). 

KDR, also known as VEGF receptor 2, and FLT4, also known as VEGF receptor 3, were 

both highly upregulated by 6.19- and 12.60-fold, respectively. CD34, Prox-1, FLT4, and 

KDR are associated with endothelial cell signaling, vascularization, and angiogenesis 

during tumor formation (3, 11, 15, 24). 

Additional notable upregulated transcripts encoding cell surface proteins were 

the metalloproteinase ADAM12 (7.19-fold upregulated), the netrin receptor UNC5A 

(16.89-fold upregulated), the tumor necrosis factor receptor OX40 (6.59-fold 

upregulated), and the major subunit of the zona pellucida sperm receptor ZP2 (7.71-fold 

upregulated). UNC5A, OX40, and ZP2 were highly correlated with KSHV LANA 

expression; however, ADAM12, despite the strong upregulation in KS versus uninvolved 

skin, showed no significant correlation with LANA and the KSHV latency program. This 

short list of transcriptomically implied cell surface markers of KS was evaluated for 

protein expression in human KS lesions, TIVE and L1T2 cell lines, and L1T2-derived 

mouse xenograft tumors to determine whether the proteins were KSHV-infection-

associated or markers of the KS tumor microenvironment. 
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Figure 2.1. Identification of potential biomarkers with high upregulation in KS tumors 
and high correlation with LANA expression. (A) Overall fold change, correlation with 
LANA expression, and p-value are shown, as well as transcript expression within each 
individual KS lesion. (B) Diagram indicating the cellular location of markers at the protein 
level. Created using BioRender.com. * indicates the transcriptomic fold upregulation of 
KS tissues over normal human skin. ** indicates the correlation with LANA expression in 
the KS lesions. 

Validation of Protein Expression in KS Tissues 
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It has been well demonstrated that transcript expression values calculated from 

bulk transcriptomics do not always accurately reflect protein abundance in tissues (25, 

26). Thus, we sought to determine the extent of the expression and localization of each 

protein in KS tumors using immunohistochemistry. KS tumor biopsies were sectioned 

and stained for LANA expression to identify regions with demonstrable KSHV infection 

(Figure 2.2 A). Representative images from adjacent slides are shown in Figure 2.2 B–K 

for each identified protein and isotype control. KDR, FLT4, Prox-1, CD34, ADAM12, and 

UNC5A were all robustly expressed throughout the KS tumors. Staining intensity was 

similar across multiple lesions regardless of the extent of LANA expression or its 

intensity, both of which were variable across KS lesions (27). OX40 and ZP2 were not 

detected, which is consistent with the lack of T cells in KS lesions and with the highly 

restricted, tissue-specific expression and function of ZP2, respectively (27). The efficacy 

of the ZP2 and OX40 antibodies was confirmed using human ovary and human lymph 

node tissues, respectively. Protein expression was also evaluated in normal skin using 

dual immunofluorescence, where low to no staining of the identified markers was 

detected (Figure 2.3 A-J). 
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Figure 2.2. IHC detection of all human cell markers and KSHV LANA. (A–G) Positive 
staining is indicated by HRP staining within human KS tissues of the indicated surface 
marker and KSHV LANA protein. (H,I) There was no detection of ZP2 and OX40 proteins 
despite robust transcript detection. (J,K) Mouse and rabbit isotype controls. IHC images 
were taken at 10X magnification. 
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Figure 2.3. Dual immunofluorescence for all markers in normal human skin tissue. LANA 
is denoted as red and the surface marker in question is green. No LANA staining and 
minimal staining of the surface markers were observed. Images were taken at 20X 
magnification. 
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Highly Expressed Proteins Are Not Exclusive to KSHV-Infected Tumor Cells 

Having demonstrated the upregulated expression of several transcriptomically 

implicated cell surface proteins in regions of KS tissue harboring demonstrably KSHV-

infected cells, we next sought to determine whether those proteins were directly co-

localized with LANA (i.e., KSHV infection) or, alternately if they were upregulated cell 

markers in the tumor environment. We conducted dual immunofluorescence assays 

with each identified protein and LANA. The same antibody clones used for IHC were 

used for IF to minimize sensitivity differences based on epitope recognition between 

approaches. Representative images are shown in Figure 2.4 A–F. The surface-associated 

proteins, KDR, FLT4, CD34, UNC5A, and ADAM12, were all robustly expressed 

throughout the lesions but were not exclusive to LANA-positive cells. Prox-1, a protein 

localized in the nucleus, was detected in most LANA+ cells but was also observed in 

some LANA– cells (Figure 2.4 C). Consistent with the IHC results, OX40 and ZP2 

remained undetectable by dual IF (Figure 2.5 A-D). 
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Figure 2.4. Six of the potential markers are robustly translated into protein within KS 
tumors. (A–F) Dual IF of the co-expression of LANA and the indicated potential KS 
biomarker. FLT4, KDR, UNC5A, ADAM12, CD34, and Prox-1 had robust expression in the 
KS lesions and were not exclusively detected in LANA-positive cells. ZP2 and OX40 were 
not detected at the protein level in KS lesions despite high transcriptomic expression. 
LANA is denoted as red, and the surface marker in question is green. Open yellow 
arrows indicate LANA-positive cells, and closed arrows indicate LANA-negative cells. 
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Figure 2.5. Dual immunofluorescence for OX40, ZP2, and isotype controls of KS tissue. A) 
OX40; B) ZP2; C) rat and rabbit isotype control; D) rat and mouse isotype control. LANA 
is denoted as red and the surface marker in question is green. Images were taken at 20X 
magnification. 

Cells in KS Lesions Co-Express Prox-1 and CD34 

We next analyzed the frequency of the co-localization of Prox-1 and CD34, 

proteins which are normally part of distinct endothelial cell lineages and, therefore, are 

not typically expressed on the same cells. We evaluated 16–20 fields from 5 different 

lesions (N = 83) for staining patterns of Prox-1, CD34, and LANA expression. This 

revealed that 25% of tumor cells were CD34+/Prox-1+, 26% CD34+ only, and 4% Prox-1+ 

only (Figure 2.6 A, E). We also calculated the degree to which the endothelial markers 

were colocalized with KSHV infection, as denoted by LANA staining. The KS tumors were 

22% Prox-1+/LANA+, 14% Prox-1+ only, and 7% LANA+ only. We also observed that 66% 

of the cells in the KS tumors were CD34+, but only 34% of the tumor cells were also 
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LANA+, and less than 6% were LANA+ only (Figure 2.6 B,C,F,G). The five KS tumors all 

varied in the percentage of LANA-positive cells, which highlights the heterogeneity of KS 

lesions when evaluating for biomarkers (Figure 2.6 D). The cell counting software does 

not allow for the quantification of three markers at once; however, staining for LANA, 

CD34, and Prox-1, as shown in Figure 2.7 A–F, demonstrated a mixture of cell 

phenotypes and variable staining patterns. Together, IHC staining and IF colocalization 

data indicate that the majority of cells in KS tumors co-express markers of both vascular 

endothelial and lymphatic endothelial lineages, suggesting that the lesions are lineage 

indistinguishable or may have de-differentiated to a progenitor-like phenotype. 
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Figure 2.6. Colocalization of distinct endothelial lineage markers suggests KS tumors are 
dedifferentiating to an HSC phenotype. (A) Colocalization of Prox-1 and CD34, (B) 
Colocalization of LANA and CD34, and (C) Colocalization of Prox-1 and LANA. (D) 
Variation in the percentages of LANA-positive cells in five different KS lesions, which 
contributes to the quantification variation of cellular phenotypes across tissues. (E–G) 
Quantification of expression within KS tumors; about 25% of the tumor is double-
positive for Prox-1 and CD34; greater than 50% of the tumor is CD34-positive, but only 
about 50% of these cells are also LANA-positive. Images were acquired at 20X 
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magnification. Non-parametric Mann–Whitney U test was used to determine statistical 
differences. Significance levels are p < 0.01 **, p < 0.001 ***, p < 0.0001 ****. 

 

Figure 2.7. Triple-stained IF shows the heterogeneous expression of KSHV-LANA and the 
endothelial lineage markers Prox-1 and CD34. (A) Prox-1 staining; (B) LANA staining; (C) 
nuclear DAPI staining; (D) CD34 staining; (E) Co-localization of KSHV-LANA, Prox-1, and 
CD34; (F) Co-localization of KSHV-LANA, Prox-1, and CD34 with nuclear DAPI staining. 
Images were acquired at 20X magnification. 
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Limited Protein Expression in KSHV-Infected Endothelial Cell Lines 

Since mechanistic studies for investigating potential roles for these cell surface 

proteins in defining and contributing to the KS tumor microenvironment require model 

systems that faithfully mimic the in vivo (human) tumor microenvironment, we then 

tested the KSHV-infected cell line, L1T2, and its uninfected endothelial cell counterpart, 

TIVE. L1T2 is a heterogeneous cell line derived from KSHV-infected TIVE cells implanted 

into mice, as described in Roy et al. (2013), where it was reported that tumors 

reminiscent of KS develop and recapitulate the protein expression phenotypes of KS 

tumors (20). There was a low but detectable protein expression of KDR, FLT4, and 

UNC5A in the in vitro cultured L1T2 cells but not in the uninfected TIVE cells, which were 

uniformly negative (Figure 2.8 A–F). The endothelial lineage markers CD34 and Prox-1, 

as well as ADAM12, were not detectable in either L1T2 or TIVE cells (Figure 2.8 G–L). We 

also observed an overall low frequency of KSHV-infected cells in the L1T2 culture. 

Isotype controls are seen in Figure 2.9 A-D. Since only three out of six markers readily 

detected in human KS tumors were detected in L1T2 in vitro, this finding, coupled with 

the lack of transcriptomic concordance between KS and cell infection models, highlights 

the challenges and limitations of recapitulating KS tumor biology with cell culture 

models of KSHV infection and KS tumorigenesis (13). 
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Figure 2.8. Dual IF of KSHV-infected L1T2 and uninfected TIVE cells shows the expression 
of KDR, FLT4, and UNC5a but not ADAM12 or the endothelial markers. (A–L) Dual IF of 
the co-expression of LANA and the indicated potential KS biomarker. ADAM12, CD34, 
and Prox-1 were not detected in either cell line. FLT4, KDR, and UNC5A had low to 
moderate expression in the KS lesions and were not exclusively detected in LANA-
positive cells. LANA is denoted as red, and the surface marker in question is green. Open 
yellow arrows indicate LANA-positive cells, and closed arrows indicate LANA-negative 
cells. Images were acquired at 20X magnification. 
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Supplemental Figure 2.9. Negative staining of isotype controls in L1T2 and TIVE cells. A 
and C) Rat and mouse isotype control; B and D) rat and rabbit isotype control. Images 
were taken at 20X magnification. 

L1T2-Derived Xenografts Reflect the Protein Expression Observed in Human KS Tissues 

Nevertheless, L1T2 cells readily form KS-like lesions with increased numbers of 

KSHV-infected cells when transplanted into mice; thus, we tested for the presence of 

the KS tumor microenvironment cell surface markers to evaluate the extent to which 

xenografts recapitulate the human KS tumor environment. The FLT4, KDR, and UNC5A 

proteins were detected at high levels within the L1T2 xenografts, mirroring the human 

KS tumor expression patterns (Figure 2.10 A–C). Surprisingly, despite not being detected 

in the L1T2 cell line, ADAM12 was also highly expressed in xenografted L1T2 (Figure 2.10 

D). As with L1T2 in vitro cultures, CD34 and Prox-1 were not detected in the xenografts, 

suggesting that the L1T2 cell line and mouse xenografts, despite KSHV infection, are not 

differentiated endothelial cells (Figure 2.10 E, F). We also evaluated the expression of 
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LANA and the human surface markers in the spleens of the tumor-bearing mice, where 

no cross-reactive staining was observed except for low levels of ADAM12 (Figure 2.11 A-

H). Isotype controls for the L1T2 xenografts are shown in Figure 2.12 A and B. In 

summary, we detected the partial recapitulation of KS tumor microenvironment cell 

surface protein expression within the xenograft tissues where FLT4, KDR, UNC5A, and 

ADAM12 mirrored the levels detected in the human KS tumors. However, the lack of 

endothelial lineage markers in both pre-implant and post-implant L1T2 cells may limit 

the applicability of this model for the investigation of KS origins. 

 



62 

Figure 2.10. Dual IF demonstrating the colocalization of markers and LANA in mouse 
xenograft tissue. (A–F) Dual IF of the co-expression of LANA and the indicated potential 
KS biomarker. FLT4, KDR, UNC5A, and ADAM12 had robust expression in the KS lesions 
and were not exclusively detected in LANA-positive cells. CD34 and Prox-1 were not 
detected at the protein level. LANA is denoted as red, and the surface marker in 
question is green. Images were acquired at 20X magnification. 

 

Figure 2.11. Dual immunofluorescence for all markers in L1T2 derived tumor-bearing 
mouse spleens. LANA is denoted as red and the surface marker in question is green. No 
LANA staining and minimal staining of the surface markers were observed. Images were 
taken at 20X magnification. 

 

Figure 2.12. L1T2-derived mouse xenograft isotype controls. A) rat and rabbit isotype 
control; B) rat and mouse isotype control. Images were taken at 20X magnification. 

Discussion 
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The lack of in vivo models that accurately reflect the phenotypes and behaviors 

of cells in human KS lesions is an impediment to studies of KSHV infection, KS 

tumorigenesis, and pathogenesis, as well as to the preclinical evaluation of potential 

treatments. To address these impediments, and to further refine our understanding of 

the KS tumor microenvironment, we utilized previously published gene expression 

profiles from 24 KS lesions, each subjected to subtractive comparison with autologous 

non-involved skin. We identified a subset of seven highly upregulated transcripts that 

correlated with KSHV LANA expression, six of which were predicted to be present on the 

cell surface of at least some component lineage within KS tumors. These cell surface 

markers might be potential biomarkers of latent infection with KSHV or of KS-

transformed cells and could be potential targets for KS therapy. Alternately, these 

markers, which were not elevated in uninvolved skin, might be induced in bystander 

cells by the processes of infection or transformation. Other markers, such as the 

transcription factor Prox-1, were investigated for their potential to refine our 

appreciation of the specific endothelial cell lineage(s) that comprise KS tumors. Here, in 

correlation with transcriptome data, we demonstrated the detectable protein 

expression of KDR, FLT4, UNC5A, ADAM12, CD34, and Prox-1 in the human KS tumor 

microenvironment. Despite significantly upregulated RNA expression in KS tumors, 

neither OX40 nor ZP2 proteins were detected. The absence of the former is consistent 

with its typical expression as a co-stimulatory molecule on T cells, which we have 

reported as largely absent in the vicinity of KSHV-infected cells in KS biopsies (27). The 



64 

failure to verify ZP2 is likewise unsurprising given that it is typically expressed almost 

exclusively in the human ova (28). Thus, both upregulated transcripts may undergo 

some form of post-transcriptional regulation that limits/prevents their translation in the 

constituent cells of the KS microenvironment, as has been demonstrated in 

transcriptomic–proteomic decoupling in other studies (25, 29). 

ADAM12, Prox-1 and CD34, were expressed at elevated levels in KS lesions 

versus normal skin. We compared the extent to which the KSHV-uninfected TIVE, KSHV-

infected L1T2 cells, and the L1T2-derived mouse xenograft tissues recapitulated the KS 

tumor protein expression phenotypes. In contrast to KS lesions, ADAM12, Prox-1 and 

CD34 were not detectable in either the TIVE or L1T2 cell lines; however, ADAM12 was 

evident via IF in L1T2 xenografts. The metalloproteinase ADAM12 has been shown to be 

connected to hypoxia as well as T-cell mediated TGFβ activation, leading to cell death 

and sustained inflammation (30, 31). The activation of TGFβ has been demonstrated to 

be through the stabilization and recruitment of TGFβ receptor II, which was also 

upregulated in our KS transcriptomics (32). The lack of T-cell infiltration in KS lesions and 

the robust ADAM12 expression in both human KS lesions and the L1T2 mouse 

xenografts make ADAM12 an interesting potential target and biomarker. 

Despite some lineage marker data supporting both vascular and lymphatic 

endothelial origins of KS, this remains speculation due to inconsistency in systems and 

the lack of a de novo transformation model. Evidence from in vitro infections of vascular 

and lymphatic endothelial cells suggests that lymphatic endothelial cells (Prox-
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1+/CD34−) are more susceptible to KSHV infection and long-term episomal maintenance 

than vascular endothelial cells (Prox-1−/CD34+) (15). However, in the current study, we 

found that 25% of the KS tumor cells were co-expressing CD34 and Prox-1 which implies 

two scenarios that cannot, at this time, be distinguished. In the first, dedifferentiation 

events occurring during infection or tumorigenesis could result in an infected cell type 

with a more primordial/progenitor endothelial lineage lacking distinct lineage 

commitment markers. This type of dedifferentiation has been reported in other cancers 

and cancer virus infections (33, 34). An alternate concept involves the KSHV infection of 

mesenchymal stem cells that undergo differentiation or perhaps variable differentiation 

to endothelial phenotype(s) based on other factors (10, 35). This transition has been 

suggested to be associated with the KSHV-driven activation of Prox-1 (15). The co-

expression of CD34 and Prox-1 may support this concept but might suggest an 

incomplete or heterogeneous switch from mesenchymal to endothelial cells, where 

heterogeneous protein expression phenotypes may derive from unique and, to date, 

undefined microenvironmental determinants in KS tumors. Colon cancer has also been 

shown to contain endothelial cells which co-express both CD34 and Prox-1, which may 

suggest that the co-expression of these lineage markers is a result of tumorigenesis in 

endothelial tumors (36). However, currently, it remains unclear in KS whether the 

microenvironment defines the tumor phenotype or, rather, the tumor phenotype 

defines the tumor microenvironment. 
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There is much interest in generating in vivo models that more completely reflect 

the human KS tumor environment since endothelial cell lines, the most time- and cost-

effective choice, have been shown to only reflect about 10% of the transcriptomic 

changes seen in KS lesions (13). Here, we revealed that while TIVE cells lack the cell 

markers of KS, the KSHV-infected L1T2 cell line derived from them did not fully gain 

protein expression phenotypes evident in KS, since only 50% of the validated protein 

markers were evident. In vivo animal models may be more likely to recapitulate the KS 

microenvironment; however, tumor generation has proven difficult and inconsistent 

using both cell line and human KS tumor xenografts. Furthermore, while FLT4, KDR, 

UNC5A, and ADAM12 were detected in the L1T2 mouse xenografts in concert with 

human tumor results, we did not detect either endothelial cell marker (Prox-1 and 

CD34) in those grafts, which may indicate that the L1T2 cell line has lost its endothelial 

cell attributes in culture. Thus, as we have shown in the comparison of human 

transcriptomics to those from infected cell lines, protein expression profiles are also 

differential between KS patient tumors and cell lines/mouse models. 

The consistency in the transcriptomic expression of the selected markers 

indicated that our sample size is robust enough to be representative and generalizable. 

Consistency was also evident at the protein level, where the detectable markers were 

consistently found in all tissues evaluated, albeit with variation in the signal magnitude 

from field to field depending on the cellularity, the cell types, and the number of KSHV-

infected cells. Additionally, many of these markers, namely, KDR, FLT4, and UNC5A, are 
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involved in other types of cancers, making these markers non-exclusive to KS 

tumorigenesis (11, 24, 37). The specific role of these proteins in KS lesions has yet to be 

fully explored. The two VEGF receptors, KDR and FLT4, are currently being explored for 

targeted inhibition therapy to reduce immune modulation and immunosuppression in 

the tumor environment (38). These studies have, to date, produced inconclusive results 

and require more exploration with in vivo models to ascertain the effects of therapy on 

KS tumorigenesis. 

Conclusions 

We show the robust expression of potential candidate therapeutic targets, KDR 

and FLT4, as well as newly identified biomarkers, UNC5A and ADAM12, expressed 

consistently in KS tissues. Our current study also highlights the importance of validating 

transcriptomic data at the protein level, since the OX40 and ZP2 glycoproteins were not 

detectable despite 6.59- and 7.71-fold upregulation in gene expression, respectively. We 

also showed, through the robust upregulation of the expression of KDR and FLT4 in L1T2 

versus TIVE cells, that L1T2-derived mouse xenografts could be a model for studying 

pathways, such as VEGF activation in KSHV infection and neoplasia, but they cannot be 

used to resolve the endothelial origin of KS, as they lack appropriate lineage markers. 

Further evaluation in additional cell lines, lineages, and animal models is needed to 

identify the conditions that more completely recapitulate the human KS tumor 

microenvironment and the landscape of the cellular membrane proteins. 
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CHAPTER 3 

COMPARATIVE POLAR AND LIPID PLASMA METABOLOMICS 

DIFFERENTIATE KSHV INFECTION AND DISEASE STATES 

Abstract 

Kaposi sarcoma (KS) is a neoplastic disease etiologically associated with infection 

by the Kaposi sarcoma-associated herpesvirus (KSHV). KS manifests primarily as 

cutaneous lesions in individuals due to either age (Classical KS), HIV infection (Epidemic 

KS), or tissue rejection preventatives in transplantation (Iatrogenic KS), but can also 

occur in individuals, predominantly in sub-Saharan Africa (SSA), lacking any obvious 

immune suppression (Endemic KS). The high endemicity of KSHV and human 

immunodeficiency virus-1 (HIV) co-infection in Africa results in KS being one of the top 5 

cancers there. As with most viral cancers, infection with KSHV alone is insufficient to 

induce tumorigenesis. Indeed, KSHV infection of primary human endothelial cell 

cultures, even at high levels, is rarely associated with long-term culture, transformation, 

or growth deregulation, yet infection in vivo is sustained for life. Investigations of 

immune mediators that distinguish KSHV infection, KSHV/HIV co-infection, and 

symptomatic KS disease have yet to reveal consistent correlates of protection against or 

progression to KS. In addition to viral infection, it is plausible that pathogenesis also 

requires an immunological and metabolic environment permissive to the abnormal 

endothelial cell growth evident in KS tumors. In this study, we explored whether plasma 
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metabolomes could differentiate asymptomatic KSHV-infected individuals with or 

without HIV co-infection, and symptomatic KS from each other.  

To investigate how metabolic changes may correlate with co-infections and 

tumorigenesis, plasma samples derived from KSHV seropositive sub-Saharan African 

subjects in three groups; A) asymptomatic (lacking neoplastic disease) with KSHV 

infection only, B) asymptomatic co-infected with KSHV and HIV, and C) symptomatic 

with clinically diagnosed KS were subjected to analysis of lipid and polar metabolite 

profiles.  

Polar and non-polar plasma metabolic differentials were evident in both 

comparisons. Integration of the metabolic findings with our previously reported KS 

transcriptomics data suggests dysregulation of amino acid/urea cycle and purine 

metabolic pathways, in concert with viral infection in KS disease progression. This study 

is, to our knowledge, the first to report human plasma metabolic differentials between 

in vivo KSHV infection and co-infection with HIV, as well as differentials between co-

infection and Epidemic KS. 

Introduction 

Kaposi sarcoma (KS) is a neoplastic disease first characterized in elderly 

Mediterranean men by the Hungarian physician Moritz Kaposi (1-3). The disease occurs 

endemically at high incidence in sub-Saharan Africa as well as parts of the 

Mediterranean basin, and in specific regions of South America (4-6). In association with 

the acquired immune deficiency syndrome (AIDS) pandemic, KS came to be widely 
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recognized as an AIDS-defining condition. In fact, prior to the isolation of Kaposi 

sarcoma-associated herpesvirus (KSHV) or human herpesvirus-8 (HHV-8), it was the 

abnormally high incidence of this rare sarcoma amongst men who have sex with men 

(MSM) that triggered the search for the infectious agent that ultimately became the 

human immunodeficiency virus-1 (HIV) in the 1980s (7). We now know that KS requires 

infection with the gammaherpesvirus KSHV (1). There are four forms of KS, all of which 

are attributable to KSHV infection, growth dysregulation, and abnormal angiogenesis in 

endothelial cells. This includes classic KS (cKS), as originally observed in elderly 

Mediterranean men, endemic KS (EnKS) – in men, women, and children lacking HIV co-

infection, iatrogenic KS (iKS) – resulting from chemical immunosuppression in organ 

transplantation, and epidemic KS (EpKS) – resulting from HIV co-infection (4, 8, 9). In 

addition, KSHV infection is also linked to B-cell neoplastic diseases such as primary 

effusion lymphoma (PEL), multicentric Castleman’s disease (MCD), and KSHV-induced 

inflammatory cytokine syndrome (KICS) (4). 

Although KSHV seroprevalence is low in the US and Europe, it is significantly 

higher in specific populations such as MSM and those co-infected with HIV (10).  

Antiretroviral therapies (ART) have been highly successful in the US and Europe in 

reducing the incidence of EpKS, consistent with a role for immune dysfunction in KS 

development. Treatment responses vary depending on age, staging, visceral 

involvement, co-infections and comorbidities, and other sociodemographic variables 

(11, 12). Unfortunately, KS presentation is often advanced in sub-Saharan Africa, despite 
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HIV viral suppression. The response rate of such advanced patients to treatment with 

chemotherapy is ~50% in Zambia, of whom an additional 50% succumb to recurrence 

within a year. Currently, there are no prognostic markers or tests that can provide any 

indication of likely treatment success or failure, other than the HIV disease staging 

parameters and the AIDS clinical trials group (ACTG) initiated tumor/immune/system 

(T/I/S) staging criteria often being used. Moreover, no markers are reliable indicators of 

the transition from asymptomatic to symptomatic presentation or of protection against 

such progression.  

Recent transcriptomics studies comparing tumor biopsy gene expression to that 

of normal skin from the same individuals have revealed several salient KS features (13, 

14). First, HIV transcripts are rarely detected in KS tumor tissue, suggesting HIV gene 

products are not direct drivers of tumorigenesis. Second, EpKS and EnKS upregulate or 

downregulate a majority of the same genes and do so in the same direction, differing 

only in the greater magnitude of that dysregulation in EnKS. This finding implies that HIV 

lowers the threshold for malignant transformation. Moreover, gene dysregulation in 

EpKS is shared between subjects with undetectable HIV plasma viral load and those with 

active HIV replication. Whether such dysregulation of expression is communicated into 

detectable plasma metabolite differentials is one of the objectives of the investigation 

here. Our previous RNA-Seq data revealed significant changes in glucose metabolism, 

the Krebs (tricarboxylic acid) cycle, and multiple aspects of lipid metabolism. 

Additionally, the data suggested activation of redox balance to promote cell growth as 
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opposed to virus-induced dysregulation. Increases in angiogenesis pathways and 

evidence of immune signaling consistent with attempted T-cell recruitment were all 

associated with KS tumorigenesis (15, 16). Our follow-up studies have, however, failed 

to identify a robust immune infiltration of KS tumors, and limited cytokine differences 

were detectable between EnKS and EpKS with the differentials predominantly in 

immune-regulatory, suppressive, or Th2-skewing, as opposed to hyper-inflammatory, 

categories (17, 18).  

Previous studies investigating the effects of KSHV infection on cell metabolism 

have been restricted to in vitro infections over a short time course. Dysregulation of 

glycolysis, fatty acid synthesis, and glutaminolysis was evident during both latency and 

lytic reactivation (19-22). Glycolysis and glutaminolysis were suggested to be essential 

for KSHV viral replication in vitro and inhibition of these pathways prevented the 

generation of new infectious virus (23). In human tissue, the relationships between virus 

replication and KS disease progression are less apparent since in most KS tissues, gene 

expression from the latency locus predominates. Limited cellular transcriptomic overlap 

(10%) between KS tissues and telomerase-immortalized human microvascular 

endothelial (TIME) cells, a commonly used in vitro infection model, has been previously 

reported (13). Nevertheless, the most predominantly shared pathway between in vitro 

models and KS tumors was glucose metabolism disorder, reflective of widespread 

metabolic reprogramming commonly observed in viral infection and cancer.  
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The lack of data characterizing in vivo KSHV/HIV co-infection-associated, and KS-

specific metabolic dysregulation underscored a need to assess potential diagnostic and 

prognostic implications of metabolic dysregulation in KSHV-induced neoplastic disease. 

In this study comparisons of polar and non-polar (lipid) plasma metabolites in KSHV 

infection versus co-infection with HIV (KSHV+/HIV- vs. KSHV+/HIV+), and between 

asymptomatic co-infection with symptomatic KS (KSHV+/HIV+ vs. EpKS) were conducted 

to preliminarily determine if differentials metabolites among them existed. This 

approach defined metabolites unique to co-infection and tumorigenesis that may have 

potential as marker panels for disease staging and treatment outcome. Moreover, the 

integration of tumor transcriptomics with the plasma metabolome pointed to specific 

pathways that become additively or synergistically dysregulated in the pathogenetic 

transition of KSHV infection to malignant disease with or without the contribution of HIV 

co-infection. An increased appreciation of these KS pathogenetic pathways may provide 

a framework for novel combinatorial approaches perhaps with dose-sparing regimens to 

target the viral, metabolic, oncologic, and immunologic aspects of the KS disease. 

Materials and Methods 

Sample Collection 

24 participants (>18 years old) were recruited from the Ocean Road Cancer 

Institute (ORCI), Tanzania as described in Lidenge et al. (14). Participants (both genders) 

were 18 years and older.  Whole blood was collected in EDTA tubes followed by plasma 

isolation by centrifugation at 400 x g for 5 minutes. Plasma was stored at -80°C until 
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shipment. HIV viral load and CD4 quantification were performed as described in Lidenge 

et al. (17). This study was approved by the review boards of the Tanzania National 

Institute for Medical Research, Ocean Road Cancer Institute, the University of Nebraska 

Medical Center, the University of Nebraska–Lincoln, and the Louisiana State University 

Health Sciences Center. 

Sample Extraction 

From each individual, 20µL of plasma was used to generate polar and non-polar 

(lipid) metabolite fractions. Each plasma sample was transferred to a 1.5mL Eppendorf 

tube, and 500µL of methanol and 30µL of ribitol (2mg/mL in water, used as an internal 

standard) was added as a spike control. Samples were vigorously mixed, incubated for 

15 minutes at 70°C, and centrifuged at 14,000 x g for 10 minutes. The supernatant 

(500µL) was transferred to a new tube with 250µL of chloroform and 500µL of water 

and mixed vigorously for 1 minute. To separate polar and nonpolar phases the samples 

were centrifuged at 1,500 x g for 15 minutes and each phase was transferred to 

separate tubes. Extracted polar metabolites (upper aqueous phase, 500µL) were dried in 

a speed vacuum before derivatization and GC-MS analysis.  Extracted non-polar lipid 

metabolites (lower chloroform phase, 200µL) were dried under a constant nitrogen 

stream and dissolved in 50µL of methanol just before LC-MS global lipid profiling 

analysis. In addition to the samples, blanks and quality control samples were prepared 

for both LC and GC-MS platforms. A blank sample was prepared without the addition of 

plasma but underwent all the extraction steps for the elimination of potential 
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contaminants coming from non-biological background sources (solvents, tubes etc.) 

during the sample processing and preparation. Quality control (QC) samples were 

prepared by mixing equal aliquots of each sample and injected between biological 

samples to evaluate sensitivity, stability, and reproducibility of the LC and GC-MS 

acquisition platforms. Samples were analyzed in random order. 

Lipid profiling  

Lipid analyses were carried out using an Agilent 1200 Series High-Performance 

Liquid Chromatography (HPLC) system coupled to a high-resolution/accuracy Fourier-

Transform Ion Cyclotron Resonance (FT-ICR) 7.05T Mass Spectrometer (MS) (Bruker 

Daltonics, Germany). An aliquot of 5µL of the methanol resuspended, dried chloroform 

extraction was injected onto an ACE 5 C8-300 column (2.1 x 100 mm) column and lipids 

were separated in a linear gradient elution at a flow rate of 0.1 mL/min. The mobile 

phases consisted of A: 0.1% formic acid and 10 mM ammonium acetate in Milli-Q water; 

and B: 0.1% formic acid and 10 mM ammonium acetate in acetonitrile/ isopropanol 

(50/50; v/v). The gradient was set as follow: T= 0 minutes: 30% B; T= 1 minute: 30% B; 

T= 25 minutes: 100% B; T= 45 minutes: 100% B; T= 47 minutes: 30% B; and T= 60 

minutes: 30% B (column re-equilibration). Data was collected in positive mode in a scan 

range of 244 - 1,800 m/z and 0.2 s of ion accumulation time with estimated resolving 

power of 78,000 (at m/z 400). A capillary voltage of 4,500 V, and end plate offset of -500 

V was used. Dry temperature and gas flow were set at 180°C and 4 L/min, respectively. 

CompassXport v. 3.0.6. (Bruker Daltonics, Germany) software was used to convert LC-
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MS data to a general mzXML format and further processed with the mzMine software 

package for peak detection, deconvolution, normalization, and alignment (24). 

Profiling of polar metabolites 

For polar analysis, dried samples were derivatized by addition of 40μL 

Methoxyamine hydrochloride (20mg/mL in pyridine), incubated in a shaker for 2 hours 

at 37°C, followed by the addition of 70µL N-Trimethylsilyl-N-methyl trifluoroacetamide 

(MSTFA, 1mL, and 20µL Fatty Acid Methyl Esters (FAME)) and incubation in a shaker for 

an additional 30 minutes at 37°C. After cooling to room temperature, the samples were 

centrifuged at 14,000 x g, for 10 minutes and 90μL of supernatant was transferred into a 

200μL conical base inert glass insert inside a 2mL amber autosampler glass vial (Agilent 

Technologies, Germany). MS acquisitions were done using 7200 GC-QTOF system 

(Agilent) and an HP-5MS UI column (30 m, 0.25 mm, and 0.25 mm; Agilent). The 

temperature gradient included a starting temperature of 80°C held for 2 minutes, 

increasing at a rate of 15°C per minute to 350°C followed by a final hold for 6 minutes 

(total run time of 26 minutes). The ion source temperature was set to 250°C, while the 

scanning mass range was set to 60 - 600 m/z. Acquired data were converted to .abf 

using AbfConverter and further processed by MS-Dial 4.12 (25). 

Data analysis 

Following data processing, excel files (containing m/z values, retention times, 

and peak areas information for each feature) were generated and exported from 

MZmine and MS-Dial. Missing values were imputed using K-nearest neighbors (KNN) 
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and auto-scaled prior to data analyses. Multivariate and univariate statistical analyses 

were performed using MetaboAnalyst software v5.0 (26, 27). Using the auto-scaled data 

from Metaboanalyst, heatmaps were generated using the R package Pheatmap v1.0.12 

in RStudio v2022.02.3 with R v4.2.0. 

Principal component analysis (PCA) and Kruskal-Wallace analysis were used to 

visualize the variation of datasets between groups (GraphPad Prism v9). Polar and non-

polar data were combined and comparisons between two groups were performed, and 

volcano plots were constructed. In addition, Wilcoxon ranked-sum analysis with and 

without a Bonferroni correction were applied. Polar features were tentatively identified 

using the public Fiehn database search on MS-Dial before statistical analysis (28). 

Nonpolar features with a significant threshold of p<0.05 and a fold-change (FC) 

threshold of 1.5 (log2 FC of 0.585< or >0.585) were tentatively identified on the Human 

Metabolome Database (HMDB) with a mass tolerance of 10 ppm selecting M+H+, 

M+NH4
+ as the positive ion adducts for non-polar metabolites (29). KEGG IDs were 

obtained for polar and non-polar tentatively identified metabolites and used to check 

pathways affected based on the conditions analyzed, using Homo sapiens as the 

organism. In cases where multiple ions could be annotated to the same feature (due to 

different adducts or ppm), they were counted additively to the predicted pathway 

classification where at least 2 metabolites were used for the enrichment analysis. 

Pathway Analyses Integrating Metabolomics and Transcriptomics Data 
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Pathway analyses were completed in Metaboanalyst v5.0 using the Joint 

Pathway Analysis tool (30). Briefly, significantly changed genes and metabolites were 

entered without their corresponding fold changes. Gene symbols that did not have a 

match were removed. The parameters chosen were degree-centrality and integrated 

metabolic pathways (regulatory pathways were not considered). Transcriptomic data 

used for pathway analyses in this report were previously published by Lidenge et al. 

(14). Of this data, genes that possessed a significant threshold of p < 0.05 (raw p.value) 

and a fold change (FC) > 2 for KS/control (or lesion/normal skin) or an FC >1.5 for KS 

origin (EnKS vs. EpKS) were included. For metabolomics data, identified metabolites 

with a minimum FC of 2 (FC > 2 or <0.5) and a raw p-value < 0.05 were used for pathway 

analyses. Pathways that were not relevant to humans were excluded in reporting final 

results (i.e. porphyrin and chlorophyll which is common for plants).  

For the KSHV+/HIV+ vs. EpKS pairwise comparison, metabolomic data was 

integrated with comparative transcriptomic data that subtracted normal skin gene 

expression from that of the KS lesion from 24 subjects used. The integration was 

conducted to seek insight into KS progression/development biomarkers and how these 

changes might be reflected in the more accessible plasma. 

Results  

Overall analysis and data overview  

Twenty-four KSHV samples were included in the study (Table 3.1). Of those, 11 

samples were KS symptomatic (9 Epidemic and 2 Endemic), and 13 samples were 
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asymptomatic and segregated into groups based on KSHV and HIV serostatus; 7 

KSHV+/HIV+ and 6 KSHV+/HIV-. In addition, 5 US-collected KSHV-/HIV- serum samples 

were used as controls to monitor variations in technical processing and for quality 

assurance purposes but were not included in group/pairwise analyses since they are 

unlikely to be appropriate comparators for parameters (diet, lifestyle etc.) beyond KSHV 

or HIV infection status factors. Quality Control (QC) samples, representing a pool of all 

samples analyzed, were used to evaluate technical variation and chromatographic shifts 

during both LC-MS and GC-MS analyses. The overview of the project workflow is 

summarized in Figure 3.1. Following processing, normalization, and scaling, 

MetaboAnalyst and Prism v9 were used to produce PCA plots, volcano plots, and other 

statistical analyses.  

Table 3.1. Cohort characteristics. There were no significant differences between group 
Ages or CD4 Counts within the HIV+ patients. NA, not applicable; ND, not detectable; 
NR, no record. 

Group Study ID Age Gender HIV VL/mL CD4 Count 
EnKS 21147 39 Male NA NA 
EnKS 21182 57 Male NA NA 
EpKS 21117 38 Female 3,450 130 
EpKS 21119 39 Male ND 264 
EpKS 21120 56 Male 14,500 482 
EpKS 21121 42 Male 6,310 30 
EpKS 21145 26 Male NR 422 
EpKS 21161 38 Male 148,000 710 
EpKS 21204 58 Male ND 261 
EpKS 21220 30 Female NR 67 
EpKS 21228 38 Female NR 333 

KSHV+HIV- 21525 48 Male NA 256 
KSHV+HIV- 21526 50 Male NA 310 
KSHV+HIV- 21527 54 Male NA 931 
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KSHV+HIV- 21528 55 Male NA 303 
KSHV+HIV- 21559 33 Female NA 1054 
KSHV+HIV- 21562 33 Female NA 1398 
KSHV+HIV+ 21570 36 Female NR 500 
KSHV+HIV+ 21575 34 Male NR 675 
KSHV+HIV+ 21578 38 Male NR 316 
KSHV+HIV+ 21579 43 Male NR 240 
KSHV+HIV+ 21580 48 Female NR 295 
KSHV+HIV+ 21582 34 Female NR 594 
KSHV+HIV+ 21583 35 Female NR 124 

 

 

Figure 3.1. Overview of project design. The 22 individuals were divided into ASY 
KSHV+HIV- (N=6), ASY KSHV+HIV+ (N=7), and SYM EpKS (N=9) groups. Metabolites were 
extracted from plasma, acquired by GC-TOF-MS and FT-ICR-MS, and then analyzed for 
biological relevance. 

An initial analysis evaluating technical variation showed well-defined clusters of 

QC samples for both LC- and GC-MS platforms and indicated good reproducibility and 

reliability of generated data (Figure 3.2 A and B, respectively). Further analyses were 

therefore carried out without QC samples. PCA plots of lipid and polar metabolites 
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revealed separation between the KS group and asymptomatic groups (Figure 3.3 A and 

B). Further clustering analysis showed a well-defined separation between the KS and the 

asymptomatic individuals in both the lipid and polar metabolites (Figure 3.3 C and D). 

Interestingly, two KSHV+/HIV+ samples (21579 and 21580), clustered with SYM samples 

in lipid analysis. This may reflect the transition from asymptomatic to symptomatic 

presentation. Consistent with previous transcriptomic profiling, the two EnKS cases 

clustered within the EpKS profiles suggesting the plasma metabolite profile is driven 

primarily by the symptomatic KS disease presentation as opposed to HIV infection 

status. However, the small sample number prevented us from conducting statistically 

valid pairwise comparisons between EnKS and EpKS samples. Despite their overall 

similarity, to avoid potential confusion, the EnKS metabolite profiles have been excluded 

from analyses hereafter and we will only present EpKS analysis. 
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Figure 3.2. PCA plots demonstrating QC sample (purple) separation from symptomatic 
and asymptomatic individuals.  
 

 

Figure 3.3. Plasma samples from KS patients are different from KSHV-infected 
asymptomatic controls. A. PCA analysis of the lipid profiles and B. polar metabolites, 
from all three groups reveal segregation of the KS subjects’ metabolites. C. Hierarchal 
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clustering and heatmaps of all detected lipids, and D. All detected polar metabolites 
using Pearson Coefficient and complete clustering. Red, KS cohort; blue, KSHV+HIV- 
cohort; green, KSHV+HIV+ cohort. Endemic KS cases (HIV-negative) are indicated in the 
PCA plots by open red circles. 

Analysis of Differential Polar Profiles  

In asymptomatic KSHV-infected individuals, factors such as HIV co-infection 

increase the risk of progressing to malignancy (EpKS). Multivariate analysis of KSHV+HIV+ 

vs KSHV+HIV- showed partial segregation between groups for polar features (Figure 3.4 

A) suggesting a relatively minor impact of HIV+ coinfection on changes in overall 

profiles. Wilcoxon rank-sum tests, however, revealed 55 significantly changed polar 

features underlying the segregation between the KSHV+HIV+ and KSHV+HIV- groups (p-

value <0.05) with a fold change of -0.585< or >0.585. Of the 55 identified features, only 

12 could be confirmed using the Fiehn database for GC-MS. Of the 12 discriminant 

features, 4 metabolites were upregulated in the context of HIV co-infection, and 8 were 

decreased (Table 3.2).  
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Figure 3.4. Pair-wise comparisons reveal differential features driving segregation. A. 
Separation of polar metabolite profiles between KSHV+HIV- and KSHV+HIV+ cohorts. B. 
Polar metabolite profiles of EpKS and KSHV+HIV+ cohorts separate completely. C. 
Wilcoxon rank-sum tests of 8 selected differential metabolites without Bonferroni 
corrections. D. Wilcoxon rank-sum tests of 8 selected differential metabolites with 
Bonferroni corrections. Upon correction, uric acid and valine were no longer 
significantly different despite showing significance in the uncorrected analysis. Red, KS 
cohort; blue, KSHV+HIV- cohort; green, KSHV+HIV+ cohort. *P<0.05, **P<0.01, 
***P<0.001. 

To investigate whether plasma metabolite differentials were evident between 

symptomatic EpKS and asymptomatic KSHV+HIV+ co-infection, an unsupervised PCA 

analysis was performed (Figure 3.4 B). The resulting separate clusters indicate significant 

changes in polar metabolic profiles based on the transition from co-infection to 

symptomatic disease. This segregation was confirmed by pairwise analysis (Wilcoxon 

rank-sum tests) that revealed 89 significantly different polar features. These included 14 

metabolites that were identifiable and confirmed using the Fiehn database, 9 of which 

were upregulated in EpKS and 5 were downregulated. The most differential identified 

metabolite was glycerol which is central in both carbohydrate and lipid metabolism 

(Table 3.2). 

Table 3.2. Differentially identified metabolites for the two pair-wise comparisons. 
Analysis was performed using Wilcoxon Rank-Sum tests. 

Metabolite Name 
KSHV+HIV+/KSHV+HIV- EpKS/KSHV+HIV+ 

p-value p-value 

Serine 0.001 - 

Decanoic acid  0.014 - 

Urea 0.014 - 

Valine 0.022 - 

4-Hydroxyphenylacetic acid 0.035 - 
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Bicine 0.035 - 

Malic acid 0.035 - 

Glycerol - 0.001 

Dehydroabietic acid  - 0.001 

Benzoic acid  - 0.012 

Citramalic acid - 0.012 

Palmitic acid  - 0.012 

Fumaric acid - 0.023 

Heptadecanoic acid - 0.031 

Cerotinic acid - 0.042 

Hypoxanthine 0.001 0.016 

Trehalose   0.001 0.016 

Allantoin  0.014 0.003 

Pyrophosphate Meox2 0.022 0.023 

Uric acid  0.022 0.042 
 

Combined results from both comparisons revealed 20 significantly differential 

and identifiable polar metabolites, 7 of which were attributable to the 

presence/absence of HIV co-infection (the KSHV+HIV+ vs KSHV+HIV- comparison), and 

another 8 that were differential based on the presence or absence of neoplastic disease 

(the EpKS vs KSHV+HIV+ comparison). 5 differential polar metabolites were common to 

both comparisons suggesting interconnectivity between co-infection-associated 

metabolic changes and pathways involved in KSHV tumorigenesis. Distribution and 

trends of the most relevant metabolites for both groups are shown in Figure 3.4 C and D 

indicating an important role of purine metabolism in both ASY KSHV infection and KS 

tumorigenesis.  
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Analysis of Differential Lipid Profiles  

Multivariate analysis of lipid metabolites showed well-defined clustering in both 

KSHV+HIV- vs. KSHV+HIV+ and KSHV+HIV+ vs. EpKS comparisons (Figure 3.5 A and B, 

respectively). Because the signal was collected in MS-only mode, no structural details 

are available and potential metabolite ID(s) can only be reported by atomic composition 

without specific details of side chain length, double bond position, or similar. Tentative 

identification of individual features was done by matching measured m/z with the 

predicted molecular mass of metabolites in the Human Metabolome Database (HMDB). 

For some features, multiple IDs corresponded and therefore these features are 

designated as molecular classes rather than specific compounds. Using this approach, a 

total of 204 and 229 differential lipids between KSHV+HIV+ and KSHV+HIV-, and 

between EpKS and KSHV+HIV+ individuals, respectively, were tentatively 

identified/classified. These represent 32 different lipid classes as summarized in Figure 

3.5 C. Although some of these classes are plant specific, they are listed as they can 

reflect dietary and/or lipid uptake specifics or potentially reflect the known impact of 

HIV on gut integrity and microbial translocation that presumably also applies to 

metabolite translocation.  
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Figure 3.5. A pairwise comparison of lipid profiles highlights both common and distinct 
differential lipid families. PCA plots of lipid metabolite profiles between A. KSHV+HIV- 
and KSHV+HIV+ cohorts and B. EpKS and KSHV+HIV+ cohorts showing complete 
separation. Red, KS cohort; blue, KSHV+HIV- cohort; green, KSHV+HIV+ cohort. C. 
Breakdown of differential lipid metabolites from both pairwise comparisons. Each 
wedge represents a lipid class. Comparison unique metabolites are highlighted in the 
boxes to the right.  
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Because of the seminal roles sphingolipids and glycerophospholipids play in viral 

structure, replication cycles, viral curvature, viral assembly, and viral entry into target 

cells, the dynamics of their metabolites are of particular interest in KSHV infection and 

disease. While the number of identified sphingolipids was not different between 

comparisons, monogalactosyldiacylglycerols (MGDG), sphingoid base-phosphates 

(SPBP), and ceramide-phosphates (CerP) were differential in the asymptomatic 

comparison but acyl ceramides (ACer), dihexosylceramides (Hex2Cer), and Mannosyl-

phosphoramides (MIP) replaced these as differential families in the KS vs. KSHV+HIV+ 

comparison. The proportion of dysregulated glycerophospholipids increased in 

neoplasia but not in response to HIV co-infection. Interestingly, one of the highly 

differential molecules for both comparisons is cardiolipin, indicating a potential impact 

on mitochondrial membranes and their integrity in either immune cells or potentially 

affected tissue (31). 

Correlation between identified metabolites and KS transcriptomics 

In previously published work, both glycolysis and lipid metabolism pathways 

were highly dysregulated at the transcriptomic level (13).  We next integrated our 

transcriptomic and metabolomic data to evaluate the extent to which dysregulated 

gene expression in KS tumor tissue was being reflected in plasma metabolite profiles 

and to gain preliminary insight into the potentially dysregulated pathways. For this 

analysis, the differential polar metabolites from the EpKS vs. KSHV+HIV+ comparison 

were analyzed in conjunction with all cellular transcripts evincing > 2-fold differential 
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expression between KS tumor and normal uninvolved skin in comparisons from 24 

individuals (N=1104 transcripts). KEGG pathway analysis revealed the most correlative, 

dysregulated pathways to be amino acid synthesis, purine, and pyruvate metabolism 

(Figure 3.6 A). A more detailed analysis revealed a combination of up-and down-

regulated metabolites and genes (Figure 3.6 B), particularly in the metabolism of uric 

acid, that may be explained by the downregulation of purine nucleoside phosphorylase 

(PNP), the enzyme which breaks down hypoxanthine.  
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Figure 3.6. Pathway analysis integrating expression differentials from KS transcriptomics 
with differential polar metabolites between KS and KSHV+HIV+ individuals. For 
visualization purposes, the authors have focused on pathways in which both genes and 
metabolites were identified to link metabolic and gene expression phenotypes. A. 
Pathway analyses were completed using the MetaboAnalyst Joint Pathway 
Analysis tool in Metaboanalyst v5.0 (27). For metabolomics data, identified metabolites 
with a minimum FC of 2 (FC>2 or <0.5) and a raw p-value < 0.05 were used for pathway 
analyses. Included transcriptomics data was derived from a previously published report 
in which the transcriptomic profile of healthy skin was compared to cutaneous KS 
lesions (14). B. A summary of significantly changed genes and metabolites within central 
carbon, purine, and urea metabolism is depicted. Genes and metabolites related to lipid 
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metabolism have not been included due to redundancy and space limits. Red and blue 
colored boxes indicate increased and decreased detection, respectively, while grey 
boxes indicate metabolites that were detected in this study but were not significantly 
different. Genes are bold and italicized. 

Discussion 

In this study, plasma provides a partial, albeit dilute, conduit of information that 

reflects to some extent the pathogenesis associated-metabolic profiles of KSHV-affected 

cells and tissue(s). Overall, distinct metabolic profiles from each of the three 

experimental groups were identified with a clear separation between symptomatic and 

asymptomatic individuals. Most of the differential features were identified from the 

lipid (non-polar) fraction suggesting significant effects in lipid metabolism, a finding 

consistent with the highly dysregulated pathways highlighted from transcriptomics of KS 

tumors (13). Although the lipidomics method employed here could not reveal the exact 

structures of these featured molecules, the molecular mass of precursor ions and 

retention time were used to identify their atomic composition and lipid classes. We are 

using this preliminary data to reduce the complexity of future KSHV/KS lipid analyses 

that would also include tumor tissue and employ a more targeted MS-MS approach that 

would support complete characterization. Glycerophospholipids and sphingolipids 

represented more than 75% of the differential lipids (Figure 3.6). In cancer, lipid 

metabolism plays a crucial role in membrane rearrangement, energy production, and 

signaling molecules, and cancer cells are well known for their increased uptake, 

scavenging, and de novo synthesis leading to the presence of unusual and/or exogenous 

lipids (32). This is reflected by the identification of 229 differential lipids in KS samples 
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indicating increased uptake and de novo synthesis. However, transcriptomics suggested 

a profound downregulation in most lipid pathways including anabolic, catabolic, and 

lipid storage domains. Thus, the metabolomic data may imply more of a lipid scavenging 

role of the KS tumor regarding lipid utilization, especially since the tumor cells are not 

robustly replicating KSHV and therefore are not likely producing lipids in an effort to 

support viral assembly components. Additionally, MIP was detected in KS samples which 

can be indicative of dysregulated signaling pathways such as the phosphoinositide 3-

kinase-protein kinase B (PI3K–AKT) pathway and can directly affect the activity of 

lipogenic enzymes and thus the lipid composition, particularly phosphatidylinositol (PI) 

(33, 34). Increased lipogenesis can be also suggested by decreased levels of glycerol 

which together with glycerol-3-P represents an essential precursor for 

glycerophospholipids biogenesis. In fact, Villumsen et al. found differential diglyceride 

(DG) and triglyceride (TG) metabolites associated with metabolism disorders within HIV-

infected individuals, supporting our findings that HIV infection and subsequent 

tumorigenesis both alter the plasma lipidome (35).  

The polar fraction was analyzed by GC-MS, allowing in some cases to support the 

confirmed identification of altered metabolic features. Many changes were related to 

energy/redox balance and purine metabolism both of which converge to support low-

level viral replication and cancerous growth due to metabolic reprogramming (36). 

Within the purine metabolism pathway, hypoxanthine and uric acid were significantly 

affected by cancer development where hypoxanthine was decreased, and uric acid was 
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significantly increased in the EpKS group. This correlates with the previous finding of 13 

dysregulated genes from those pathways identified by transcriptomic analysis (Figure 

3.6). Other studies have also identified decreased levels of hypoxanthine as being 

indicative of cancer progression in colorectal cancer and lung cancer (37, 38).  

Reprogramming of energy metabolism and redox balance are hallmarks of 

tumorigenesis in general (39). High demand for ATP and increased levels of reactive 

oxygen species (ROS), together with hypoxic conditions in tumor tissue, lead to the 

Warburg effect, a balancing act involving glycolysis generating ATP, and the Pentose 

Phosphate Pathway (PPP) maintaining reducing power together with supplying 

precursors for purine metabolism (36). Cancer cells exhibit higher levels of ROS 

production and consequently increased levels of ROS scavenging (40). Trehalose, 

detected as differentially increased in KSHV+/HIV+ versus KSHV+HIV- plasma, is well 

known for its antioxidant properties with anti-inflammatory and cancer-inhibitory 

effects (41). In addition, it targets and inhibits the mTOR pathway, thereby inducing 

autophagy and reducing viral entry in human primary macrophages and CD4+ T cells 

(41). The increase of trehalose in KSHV+/HIV+ and a slight increase in EpKS samples 

compared to KSHV+/HIV- samples may reflect an attempt to limit HIV infection, but 

since trehalose cannot be synthesized by human metabolism, its levels must reflect an 

HIV-associated availability which may be associated with loss of gut integrity (42). In 

EpKS, the trehalose levels could be decreased by its utilization in tumor energy 

metabolism and attempted redox balance.  
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The Warburg effect as induced by viral infections and cancer can also induce 

metabolic reprogramming that manifests in changes to TCA cycle flux. The respective 

increases of plasma malate, fumarate (Figure 3.6), and the gene for malate 

dehydrogenase 2 (MDH2) in EpKS are suggestive of increased anaplerotic flux into the 

TCA cycle. KSHV-infected endothelial cells were shown to have increased glutamine 

uptake which is required for glutaminolysis as it feeds a-ketoglutarate to the TCA cycle 

which promotes alternative energy production in cancer cells (21, 43). This appeared to 

accompany transcriptomic changes in glutamine metabolism (Figure 3.6), which has 

been suggested by others in KSHV in vitro infections (23). Because the Warburg effect 

results in the preferential production of lactate, the TCA cycle must derive its 

intermediates from alternative sources such as amino acids. Interestingly, lactate is 

inhibitory to T cell infiltration and function, which is consistent with the poor infiltration 

of CD8+ T cells that we have previously reported in KS tissues (44). However, as a 

function of chemoattractant chemokines by those same tissues, CD8 T cells are found 

on KS tumor margins (16), so it will be important in future studies using KS tissue to 

investigate the levels of lactate accumulation in correlation with lymphocyte 

infiltrations.   

Purine metabolism is commonly dysregulated in viral infection and cancer as 

both conditions require increased nucleotide availability to sustain growth, replication, 

and survival (45). Indeed, nucleotide metabolism has long been an antiviral and 

antineoplastic therapeutic target (45). However, this shared characteristic may have 
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different metabolic underpinnings depending on latency, the presence of coinfections, 

and if/when KSHV progresses to KS. The opposing patterns observed in the mono-

infection, coinfection, and KS progression comparisons may be attributed to 

competition for metabolic resources between infected cells, cancer cells, infected 

transformed cells, and normal cells. Chang et al. reported a metabolic competition for 

glucose between T cells and cancer cells in a mouse model of sarcoma that aided cancer 

progression (46). Similar patterns may be evident in the opposing hypoxanthine and uric 

acid patterns from the KSHV+/HIV- vs. KSHV+/HIV+ and EpKS vs. KSHV+/HIV+ 

comparisons. This is also supported by changes in allantoin, an oxidation product (non-

enzymatic in humans) of uric acid, where we observed low levels in KSHV+/HIV+ and 

equal levels in KSHV+HIV- and EpKS. In the KSHV+/HIV- vs. KSHV+/HIV+ comparison, the 

increase in hypoxanthine and decrease in uric acid may indicate increased purine 

salvage. This was demonstrated by Vastag et al., who showed that pyrimidine 

metabolites peaked around 12 hours post HSV1 infection followed by a decrease (47). 

Elevated serum uric acid has been correlated with increased inflammation in cohort 

studies (48, 49). In KSHV+/HIV+ vs. EpKS comparison, the increase in PNP in tumors and 

uric acid in plasma may indicate increased inflammation, promoting tumorigenesis (50). 

Alternatively, the ability of uric acid to act as an antioxidant may serve to protect cancer 

cells, as it is well established that the increased metabolic requirements of tumor 

microenvironments produce higher levels of ROS (50). This increased metabolic rate is 

also suggested by the elevation in several TCA cycle genes and metabolites. 
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The patients' diet likely played a large role in which metabolites were detectable. 

During the statistical analysis, we identified citramalic acid as being increased in EpKS 

compared to the KSHV+/HIV+ group. Citramalic acid is a metabolite that does not 

typically appear in human metabolic studies; however, it is associated with eating or 

drinking fruit-based products or alcoholic beverages, as it is part of fermentation. 

Additionally, a study investigating the effects of chemotherapy on the plasma 

metabolome in breast cancer patients before and after chemotherapy found a loose 

association with lipid dysregulation and increased detection of citramalic acid (51). This 

supports what we have seen in KS where there is an abundance of lipid dysregulation 

observed in both the tumor transcriptome and the plasma metabolome. The difference 

in diets also posed a problem related to controls for this study, as we had initially 

included uninfected blood donors, albeit from the United States. Initial statistical 

analysis of this group compared to the KSHV+/HIV- group presented with over 100 

differential metabolites, a result that indicated that our groups were far too different to 

be justifiably compared. Further studies with a larger cohort will be needed to 

investigate the importance of such rare metabolites and the overall impact of KSHV 

infection alone. 

One final important aspect of KSHV/KS metabolic reprogramming is using amino 

acids as a source of energy and nitrogen. Of these, decreased valine was evident in 

KSHV+/HIV+ and even more in EpKS. Valine is a Branched-Chain Amino Acid (BCAA) that 

can be converted into Acetyl-CoA and further metabolized in the TCA cycle or diverted 
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as a precursor in lipogenesis. It is also a major nitrogen source for glutamine synthesis. 

As an essential amino acid, levels of valine reflect protein digestion, degradation, and 

uptake of amino acids. Decreasing levels in EpKS suggest increased cellular biogenesis 

and energy needs in neoplasia. Interestingly, another product of protein degradation, 

urea, exhibited decreased levels in KSHV+/HIV+ but returned to the KSHV+/HIV- levels in 

EpKS. This might be explained by reprogramming to maximize the utilization of nitrogen 

for anabolic macromolecule synthesis in tumorigenesis.  

Conclusions 

Overall, our data speak to discernable plasma metabolic differentials between 

KSHV infection and co-infection with HIV, as well as to plasma metabolites that mark the 

progression from co-infection to neoplastic growth of cutaneous KS tumors. These 

differentials reside in both polar and non-polar metabolites and show discrete linkages 

to transcriptomic dysregulation, likely as a function of dilution, as might be expected 

from plasma sampling tissue metabolites from the entirety of the human body. 

Unfortunately, our small sample sizes and the unavailability of normal healthy controls 

from Tanzania made it difficult to control for some confounding factors such as diet, 

lifestyle, or additional co-infections; however, we were able to demonstrate that there 

are changes in the overall metabolic profiles of KSHV-infected ASY and SYM individuals. 

Future studies will attempt to separate more generalized neoplastic markers (those 

present in any cancer, or any cancer with infectious etiology) from markers that may be 

specific for KS disease progression. Plasma lipid metabolites and their role as potential 
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biomarkers will need further refinement in coupled tissue and plasma analyses now that 

we have identified rationally targeted pathways and features. Similarly, we hope to be 

able to focus future investigations on more targeted polar metabolite biomarkers using 

the refined focus generated here, and coupled tumor, plasma, and perhaps other bodily 

fluid specimens.  
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CHAPTER 4 

CYTOKINE AND METABOLITE PROFILING OF KSHV SEROPOSITIVE 

PATIENTS WITH AND WITHOUT KS 

Kaposi Sarcoma (KS) is a multifaceted disease caused by Kaposi Sarcoma-

associated herpesvirus (KSHV) infection, or human herpesvirus 8 (HHV-8) (1). It presents 

a pressing need for further research due to its complex nature and ongoing clinical 

significance, specifically in sub-Saharan Africa where seroprevalence can exceed 90% in 

some countries. (1-5) KSHV belongs to the family Herpesviridae, which includes over 200 

enveloped, double-stranded DNA viruses (6). Of these, KSHV stands out as one of the 

few that can lead to cancer in humans, although the mechanism of tumorigenesis has 

yet to be discovered. The virus mainly infects B cells, endothelial cells, epithelial cells, 

dendritic cells, and monocytes (7). 

 KSHV has a similar life cycle as other herpesviruses, characterized by latency and 

occasional lytic reactivation. Only a subset of viral proteins is expressed during latency, 

ensuring the virus's persistence within the host (1, 8, 9). Key latency proteins, such as 

latency-associated nuclear antigen (LANA) play crucial roles in tethering the viral 

genome to the host chromosome. Lytic reactivation, when it occurs, involves the 

expression of numerous viral genes, and leads to the production of infectious virus 

particles. The associated pathologies of KSHV infection include Kaposi Sarcoma, 

Multicentric Castleman's Disease (MCD), Pulmonary Effusion Lymphoma (PEL), and 

KSHV Inflammatory Cytokine Syndrome (KICS). Kaposi Sarcoma, with its distinctive 
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purple or red lesions, is the most well-known manifestation. It presents in various forms, 

including Classical KS, Endemic KS, Epidemic KS, and Iatrogenic KS, each with different 

risk factors and epidemiological distributions (1). 

KSHV seroprevalence varies globally, with hotspots in regions like sub-Saharan 

Africa, South America, and parts of Asia. HIV co-infection significantly increases the risk 

of developing KS. However, the exact role of HIV in KS tumorigenesis is still not fully 

understood (1, 10-12). KS lesions are highly angiogenic, characterized by spindle-shaped 

cells, and the cellular origin of these tumor cells is still under investigation. They express 

markers typically associated with endothelial cells and mesenchymal stem cells (13-16). 

The immune response to KSHV infection is complex. Both the innate and 

adaptive immune systems are involved in responding to the virus. Despite the increased 

production of T cell signaling cytokines like CXCL9, CXCL10, and CXCL11 within KS 

lesions, there is limited T cell infiltration, suggesting barriers to an effective T cell 

response (17-21). Here, we sought to investigate the state of plasma immune cytokine 

and metabolomic profiles in a large cohort of 58 Zambian individuals with and without 

KS to identify changes and potential signatures of the disease. The plasma may be 

reflective of the state of the periphery rather than the tumor itself; however, our 

preliminary data (data not shown) has suggested that plasma and tumor metabolic 

profiles are overlapping. Previous studies showed a lack of immune cell infiltration into 

KS tumors, the plasma cytokine profile may reflect potential reasons for this deficit of 

active T cells (18).  
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Here, we further investigate the relationship between plasma cytokines and 

metabolites in KSHV-positive patients with and without disease. Previous transcriptomic 

research in KS lesions identified increased T cell related proliferation and homing 

cytokines as well as dysregulation in many cellular metabolic processes including 

glucose metabolism, amino acid synthesis, and lipid synthesis In this study, cytokines 

associated with immune cell migration and replication were upregulated and amino acid 

synthesis was highly dysregulated in KS patients’ plasma, which is similar to what our lab 

has previously found in KS lesion transcriptomics and plasma metabolomics (17, 20). The 

study described below revealed little correlation between cytokine or metabolic profiles 

which differed from what was observed in the KS lesion transcriptomics, suggesting the 

need for further studies of the KS lesions themselves rather than the circulating plasma.  

Methods 

Patient Recruitment 

 Approval to conduct this study was obtained from the review boards of Tanzania 

National Institute for Medical Research, Ocean Road Cancer Institute, the University of 

Zambia Biomedical Research Ethics Committee; the University of Nebraska-Lincoln 

(UNL) and the Louisiana State University Health Sciences Center-New Orleans’ IRBs. 

Sample collection for this study was as described in Lidenge et al. (2020). Informed 

consent was obtained from all subjects involved in the study. 

Olink Proteomics 
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 As described in Bennett et al, 50uL of patient plasma were subjected to the Olink 

Target 96 Inflammation Panel. Briefly, plasma samples were randomly distributed into a 

96-well plate, and the plate was sealed, frozen, and sent to Olink for a proximity 

extension assay. The assay provided normalized expression values (NPX) for each 

protein in the panel. Eight "bridge" samples were used to combine data from two 

plates, and the NPX values were bridge normalized using the Olink Analyze R package. 

Subsequent data analysis and visualization were performed using GraphPad Prism 

v9.3.1. Gene Ontology (GO) Enrichment Analysis was conducted for subsets of 

inflammatory mediators with specific conditions, and the most specific subclass of 

results was recorded from the analysis. 

Metabolic Profiling 

Plasma samples were analyzed as described in Chapter 3 (Privatt et al). Briefly, 

20µL of plasma was collected from each individual to generate polar and non-polar 

metabolite fractions. Methanol and ribitol (used as an internal standard) were added to 

each plasma sample, followed by mixing and incubation. The samples were then 

centrifuged to separate polar and non-polar phases. The extracted polar metabolites 

were dried and prepared for GC-MS analysis, while the non-polar lipid metabolites were 

dried and dissolved in methanol for LC-MS analysis. Quality control samples and blanks 

were prepared for both platforms, and samples were analyzed in random order. 

The lipid profiling was conducted using an HPLC system coupled to a high-

resolution/accuracy mass spectrometer. Samples were injected onto a column, and 
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lipids were separated in a linear gradient elution. Data was collected in positive mode 

over a specific m/z range. The acquired data was processed with software tools like 

CompassXport and mzMine for peak detection, deconvolution, normalization, and 

alignment. 

For polar metabolite analysis, dried samples were derivatized, and then MS 

acquisitions were performed using a GC-QTOF system with a specific column and 

temperature gradient. Data was converted and processed by MS-Dial. The generated 

data files included information about m/z values, retention times, and peak areas for 

each feature. 

Statistical Analysis 

Data analysis involved various statistical methods, including multivariate and 

univariate analyses. Heatmaps, principal component analysis (PCA), Kruskal-Wallace 

analysis, and volcano plots were used to visualize and compare data between different 

groups. Metabolites were tentatively identified using databases like the Fiehn database 

search and the Human Metabolome Database (HMDB). KEGG IDs were obtained for 

identified metabolites to analyze affected pathways. Additive counting was used when 

multiple ions were annotated to the same feature. 

Results 

Cohort Characteristics 

58 participants from Zambia were recruited for this study and were divided into 

three groups: KSHV+HIV+ (N=23), EpKS (N=32), and EnKS (N=3) (Figure 4.1 A). The ages 



120 

of the KSHV+HIV+ group were significantly higher than the EpKS group at 40.9 years old 

on average as compared to 34.6 years old respectively (Figure 4.1 B). It is also important 

to emphasize that the KSHV+HIV+ group is split evenly between males and females, but 

the EpKS group is predominantly male, as is representative of the epidemiology of KS 

disease. 3 EnKS patients were recruited for this study, however, the small sample 

numbers rendered it impossible to statistically compare to the other groups. All 58 

patients were included in the plasma metabolomics experiment and a subset of 47 

patients (15 KSHV+HIV+ and 32 EpKS) were included in the plasma cytokine experiment.  

 

Figure 4.1. Cohort Characteristics. 58 individuals were segregated into three groups 
based on disease status: KSHV+HIV+, EpKS, and EnKS. The KSHV+HIV+ group was 
significantly older than either symptomatic group. The significance level is p < 0.05 *. 

Plasma cytokines show increased immune cell migration and cell proliferation in EpKS 

patients 

Utilizing the Olink Target 96 Inflammation Panel to detect up to 92 cytokines in 

human plasma, 74 different cytokines passed QC analysis and were used to compare 15 
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KSHV+HIV+ and 32 EpKS individuals. The cytokine profiles segregate into 3 distinct 

groups with mixtures of EpKS and KSHV+HIV+ individuals (Figure 4.2 A and B). However, 

group 2 is predominantly KSHV+HIV+ with only 4 EpKS. This group, in general, had lower 

levels of cytokines detected as compared to groups 1 and 3 which are made up of 

mostly EpKS individuals. KS disease presence is the only cofactor that correlates with 

cytokine segregation, as all other characteristics including age, gender, and CD4 count 

are evenly mixed. The partial separation of the KSHV+HIV+ and EpKS individuals can also 

be seen in the PCA plot, where KSHV+HIV+ samples cluster together with some overlap 

with EpKS.  

When we compared the cytokine profiles of KSHV+HIV+ samples to EpKS, there 

were 30 out of 72 differential cytokines, 6 of which were downregulated. Unsurprisingly, 

the pathways that were upregulated in EpKS patients were related to immune cell 

migration for neutrophils, granulocytes, and lymphocytes largely associated with the 

upregulation of VEGF-A, INF-gamma, and CXCL5 as well as T cell signaling cytokines 

CXCL9, 10 and 11 (Figure 4.2 C). Several pathways related to cell proliferation were also 

upregulated as IL18, IL12b, SLAMF1, and CD274 were upregulated in KS. In conclusion, 

the cytokine profiles of KSHV+HIV+ and EpKS individuals are distinct and highlight 

changes in immune cell signaling suggesting global increases in immune cell 

proliferation and homing to infected sites; however, further studies with larger sample 

numbers and a more comprehensive cytokine panel are needed for better 

understanding of the systemic changes EpKS individuals are undergoing.  
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Figure 4.2. Immune cytokine profiles show increased immune cell replication and 
migration signals. A. Hierarchal clustering revealed three distinct groups independent of 
KS status. B. PCA plot demonstrated little group separation of asymptomatic (green) and 
symptomatic (red) individuals. C. Upregulated cytokine pathways in KS patients. 

EpKS samples have increased dysregulation of amino acid metabolism compared to 

KSHV+HIV+ 

Our lab also previously reported on the dysregulation of glucose metabolism and 

lipid synthesis based on bulk transcriptomic analysis of Kaposi Sarcoma lesions as well as 

the plasma metabolic profiles of a small Tanzanian cohort where we observed 

dysregulation of amino acid synthesis. Here, we utilized a cohort of 55 KSHV+ individuals 

with and without KS disease to further explore the effects of cancer development on 

systemic metabolites in a larger cohort of mixed genders. Unlike what was observed in 

Privatt et al (Chapter 3), asymptomatic and symptomatic individuals did not segregate 
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(Figure 4.3 A and B). The lack of segregation could be attributed to several different 

factors including sample handling and longer storage times, regional differences in diet 

or lifestyle between Zambia and Tanzania which has been shown to affect the quality of 

samples in studies related to metabolites (22).  Future studies with more stringent study 

design to include patient fasting and consistent sample collection scheduling will be 

needed.  

The metabolic profiles did separate into three distinct groups, however, there 

was no correlation to disease state, age, gender, HIV viremia, or any of the additional 

clinical characteristics analyzed. This clear discrepancy between the cohorts analyzed 

here and our previous study will require further research as there is no obvious 

difference other than sample size and recruitment location. There were still some 

similarities between the two studies. There were 35 differential metabolites between 

EpKS and KSHV+HIV+ samples; metabolites such as urea, glutamine, glutamate, and 

creatinine are involved in amino acid synthesis pathways for glutamine, glutamate, 

alanine, and aspartate, among others which were reflective of our conclusions from 

Privatt et al (Figure 4.3 C). Notably, urea and uric acid were also differential in this 

cohort and were dysregulated in KS patients.  
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Figure 4.3. Polar metabolite profiles reveal changes in amino acid synthesis in EpKS 
patients. A. Hierarchal clustering revealed three distinct groups independent of KS 
status. B. PCA plot demonstrated little group separation of asymptomatic (green) and 
symptomatic (red) individuals. C. Dysregulated metabolic pathways in KS patients. 

Conclusions 

In this study, the analysis of plasma cytokines revealed distinct immune cell 

responses in EpKS patients compared to those with KSHV+HIV+. The data showed that 

cytokine profiles could differentiate between these two groups, with a partial overlap 

between them. Notably, the cytokine patterns in EpKS patients were associated with 

increased immune cell migration, particularly for neutrophils, granulocytes, and 

lymphocytes, as well as enhanced cell proliferation pathways. This is reflected by the 
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upregulation of T cell associated cytokines CXCL9, 10, and 11 as well as the upregulation 

of CXCL5 and CXCL8 which are associated with neutrophil migration. This suggests that 

EpKS individuals experience systemic changes in immune cell signaling, reflecting the 

impact of the disease. However, further investigations with larger sample sizes and a 

more comprehensive cytokine panel are essential for a more detailed understanding of 

these systemic alterations.  

Additionally, the study highlighted increased dysregulation of amino acid 

metabolism in EpKS patients compared to KSHV+HIV+ individuals, consistent with 

previous findings, underscoring the importance of amino acid synthesis pathways in the 

context of EpKS. In this cohort, the separation between asymptomatic and symptomatic 

individuals was less pronounced than what was observed in Privatt et al. We 

hypothesize that changes in sample collection, storage, and shipment from Zambia to 

the US in addition to potential regional differences in diet could have impacted this 

difference. Additional differences between experiments could be due to changes in 

personnel executing the mass-spectrometry machinery. While both the cytokine and 

metabolites revealed three distinct groups regardless of KS status, there was no 

correlation between the two experiments, suggesting little correlation between plasma 

cytokines and metabolic profiles. Further studies focusing on the KS tumors themselves 

in comparison with plasma will be required to elucidate the precise mechanisms 

underlying these metabolic and cytokine changes and their implications for the disease 
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as the initial transcriptomic studies that suggested a connection were performed in KS 

tumors. 
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CHAPTER 5 

OTHER WORKS: LONGITUDINAL QUANTIFICATION OF ADENOVIRUS 

NEUTRALIZING RESPONSES IN ZAMBIAN MOTHER-INFANT PAIRS: IMPACT 

OF HIV-1 INFECTION AND ITS TREATMENT 

Abstract 

 Vaccination offers the most cost-effective approach to limiting the adverse 

impact of infectious and neoplastic diseases that reduce the quality of life in sub-

Saharan Africa (SSA). However, it is unclear what vaccine vectors would be most readily 

implementable in the setting and at what age they should be applied for maximal 

efficacy. Adenoviruses (Ad) and Ad-based vectors have been demonstrated to induce 

effective humoral and cellular immune responses in animal models and in humans. 

However, because immunity associated with Ad infection is lifelong, there exists a 

debate as to whether pre-existing immunity might decrease the efficacy of Ad vectored 

vaccines.  

To begin to rationally develop vaccination strategies for SSA, we have quantified 

neutralizing antibodies (nAb) against Ad4, Ad5, Ad7, Ad26, Ad28, Ad45, and Ad48 in 67 

adult women and their infants. We are the first to define the decay kinetics of 

transferred maternal nAb in infants as well as the apparent initiation of de novo Ad 

responses. Our findings demonstrate that in Zambian adults, robust nAb responses exist 

against each of the Ads tested and are efficiently transferred to newborns. With few 

exceptions, neither the HIV-1 infection status of the mothers nor the antiretroviral 
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therapy (ART) treatment of HIV-1 disease had a significant impact on maternal Ad nAb 

responses or their transfer to infants. However, maternal Ad nAb decays in infants to a 

nadir at 12 months of age such that any of the seven Ad types could function as vaccine 

vectors. The definition of this ‘window of opportunity’ provides important foundational 

data for rational design and implementation of Ad vectors in this setting. 

Introduction 

 Sub-Saharan Africa (SSA) is disproportionately affected by infectious diseases. 

The World Health Organization (WHO) has reported that two thirds of people living with 

HIV are in SSA (1). Similarly, there is increased prevalence of tuberculosis, malaria, and 

other communicable diseases, as well as higher incidence of infection-related cancers. 

The incidence of infectious disease associates with significantly higher mortality in 

comparison to developed regions (2-4). The public health impact of infectious diseases 

in SSA highlights the need for a more rational appreciation of vaccine designs with 

potential to reduce the regional disease burden. One important issue with vaccine 

design is the selection of suitable vector for the delivery of the vaccine, especially for 

infants in SSA, where effective childhood vaccinations could decrease disease incidence.  

One promising investigational vaccine platform is Adenovirus (Ad). Adenoviruses 

are large double stranded DNA viruses that, through deletion of genetic content and 

propagation to high titers, can be used as gene-delivery tools or vaccine vectors (5). 

Historically, Ad vaccines and vectors were replication competent and thus had some risk 

of causing an Adenoviral infection (6, 7). Modern Ad constructs are typically replication 
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incompetent or produce single-cycle infections where no new Ad particles are produced 

but an inserted transgene of interest is efficiently expressed (8). These recombinant Ads 

have been used developmentally as vectors in many Phase 1 and 2 vaccine safety trials 

against a diverse  cadre of pathogens, including Zika virus, HIV, influenza, and Ebola; 

however, safety and efficacy have only been demonstrated for non-recombinant 

vaccines used by the US military against Ad types 4 and 7 (9-16). Adenoviral vaccination 

typically produces a strong adaptive, Ad serotype-specific immune response (12, 17). 

The prevalence of pre-vaccination adenovirus-specific immunity needs to be considered 

when predicting potential efficacy for vaccination in infants and young children. For 

example, Adenovirus type 5 (Ad5) is commonly used in pre-clinical research and has 

been tested in human vaccine trials. Unfortunately, Ad5 has high worldwide 

seroprevalence suggesting that gene-delivery strategies based on that subtype could 

suffer from decreased effectiveness due to pre-existing neutralizing antibody (nAb) 

responses to the vector (18, 19). Consistent with this concept, the HIV-1 STEP trial, 

which utilized an Ad5 backbone to deliver the genes for HIV-1 gag, pol, and nef proteins 

as potential immunogens, was prematurely discontinued when a correlation was 

observed between pre-existing Ad5 immunity and new HIV-1 infections (20). However, 

data from non-HIV targeted Ad vaccine efforts, as well as studies using other viral vector 

systems, such as measles or dengue, have demonstrated preclinical and clinical efficacy 

in the face of pre-existing neutralizing responses (21-24).  Thus, the impact of pre-

existing Ad nAb on increased infection may be a unique function of HIV biology since it 
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has not been consistently reported by other groups utilizing various vaccine targets 

delivered by Ad vectors (24). 

 There are currently more than 60 serotypes of circulating Ads, separated into 7 

subspecies, A-G, with varying geographical prevalence (25). Adenoviruses are 

categorized based on infection-associated conditions, serology, propensity to cause 

tumors in rodents, and genome sequence. Here, we focus on the humoral immune 

responses to Ads from subgroups B, C, D and E. Adenovirus type D is the largest of the 

subspecies and most newly discovered Ads fit into this category, yet most research has 

been performed on types B, C, and E (26, 27). Subspecies B, C, and E adenoviruses are 

typically associated with acute respiratory infections and conjunctivitis which can cause 

serious disease in immunocompromised individuals (28, 29). However, very little is 

known about the adenoviral serotypes that are commonly found in Africa, and a better 

understanding of the existing immune response against adenovirus is important for the 

designing of vaccine which can be used in the setting. We have included four different 

type D viruses, Ad26, Ad28, Ad45 and Ad48, to expand on the limited knowledge of this 

subgroup.  These adenovirus subspecies typically associate with respiratory diseases and 

conjunctivitis in humans and are likely responsible for many of the respiratory infections 

found in Africa and elsewhere (28, 30).  

In the current study, we characterized the humoral immune response against 

seven different adenovirus serotypes in two Zambian cohorts consisting of mother-

infant pairs collected at different time points. Many of the mothers were also HIV-1 
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infected. Investigation of immune responses in these cohorts will not only provide 

important information on the circulating adenoviral serotypes and the humoral immune 

response against adenovirus in the Zambian population, but also provide a better 

understanding of the pre-existing mother to infant transmission of anti-adenovirus 

antibodies, and the impact of untreated and treated HIV-1 infection on immune 

responses to adenoviral infections.  Moreover, with the longitudinal infant follow-up 

specimens, we investigated the decay kinetics of maternal neutralizing antibodies (nAb) 

in infants and characterized the nadir of Ad seroreactivity prior to de novo response in 

those same infants. This information could form the foundation for rational selection of 

adenoviral gene delivery platforms for prophylactic or therapeutic application.   

Our results suggest that in Zambian adults, pre-existing humoral immunity exists 

against all 7 Ads tested and is efficiently transferred to newborns. However, due to 

maternal Ab decay in infants, any of the 7 Ad types could function as vaccine vectors 

between 12-24 months of age, thereby defining the ‘window of opportunity’ for use of 

Ad vectors for vaccination of children in this setting.  

Materials and Methods 

Cohort description and sampling 

 Two cohorts were analyzed; the first cohort samples were collected between 

1998 and 2003 in the pre-ART era as part of a prospective study investigating the effects 

of HIV-1 and KSHV infection among Zambian mothers and their infants at the University 

Teaching Hospital and the University of Zambia School of Medicine, Lusaka, Zambia. 
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Written informed consent was obtained from all participants. Blood samples were 

collected by venipuncture and blood was collected in acid citrate dextrose tubes and 

processed within 6 hours of being drawn. Samples were frozen at -80°C and shipped to 

the University of Nebraska-Lincoln for long-term storage. Protocols were reviewed and 

approved by the Institutional Review Boards at the University Teaching Hospital and the 

University of Nebraska-Lincoln. 

 The second cohort samples were collected between 2010 and 2013 when ART 

had become available in Zambia, and they were collected as part of an observational 

study investigating the effect of ART on KSHV transmission. Women with infants under 

the age of 12 months were enrolled into this study to examine the determinants of 

KSHV seroconversion. This study was approved by the Institutional Review Board of the 

University of Nebraska-Lincoln and the University of Zambia Biomedical Research Ethics 

Committee. From these cohorts, a subset of 63 mother-infant pairs (MIPs) were 

selected based on either mother HIV-1 infection status or ART treatment status. MIPs 

were also selected based on infant follow-up sample availability for nAb testing.   

Recombinant Adenovirus Construction 

All Ad constructs contain a green fluorescent protein-luciferase (GFP-Luc) fusion 

gene under a CMV promoter within either the E3 gene or between E1A and E1B. The 

recombinant Adenovirus types 4 and 7 contain a GFPLuc reporter expression cassette in 

the E3 gene and were constructed as described in Weaver, 2014 (31). Recombinant 

Adenovirus types 26, 28, and 48 construction was described in Weaver and Barry, 2013 
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(9). Recombinant adenovirus type 45 was produced as previously described (31). The 

recombinant Ad5-855 virus was constructed as described in [PMID: 10846098].  

Recombinant Adenovirus Purification.  

The recombinant adenovirus genomes containing the GFP-Luc insert were 

linearized and buffer exchanged using a Strataprep PCR purification kit (Agilent 

Technologies). The linearized recombinant gDNA was transfected into HEK293T cells 

using the PolyFect Transfection Reagent (Qiagen). Virus infection was indicated via 

plaque formation, at which time cells were harvested and infectious progeny virus was 

released by 3 freeze-thaw cycles. The recombinant Ad was amplified by sequential 

passages in HEK293T cells prior to final amplification in a Corning 10-cell stack (~6300 

cm2). Amplified virus was purified by two sequential CsCl ultracentrifuge gradients and 

desalted using Econo-Pac 10DG desalting columns (Bio-Rad). The virus particle quantity 

was determined by absorption at 260 nm on a NanoDrop Lite Spectrophotometer 

(Thermo Fisher). Virus aliquots were stored at -80°C in Ad-tris buffer (20 mM Tris-HCl, 

100 mM NaCl2, 1 mM MgCl2•6H2O, 10% glycerol). HEK293T cells were grown in 

Dulbecco's modified Eagle's medium supplemented with 10% heat inactivated FBS and 

1% penicillin-streptomycin at 37°C and 5% supplemented CO2. 

Adenovirus Neutralization Assay 

Adenovirus-specific nAb activity was quantified by a reduction in luciferase 

activity. Briefly, maternal or infant sera were heat inactivated at 56°C for 60 minutes. 

Next, 20µL of serum was added to 380µL of DMEM containing 1.2 x 109 viral particles for 
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a final volume of 400uL, resulting in a final serum dilution of 1:20. The serum/virus 

mixture was incubated at 37°C for 60 min. 100µL was then added to 50µL of DMEM 

containing 1 x 105 293T cells per well in triplicate in a 96 well plate and allowed to 

incubate for 24 hours. The luciferase activity was determined using the reporter lysis 5X 

buffer and luciferase assay reagent (LAR) system (Promega, Madison, WI). 40µL of 

reporter lysis 5X buffer was added and allowed to incubate at room temperature for 20 

min. Neutralization was defined as percent of virus only luciferase readout, which was 

then subtracted from 100%. We have defined neutralization as >90%, mild 

neutralization as 70-90% and non-neutralizing as <70%.  

Statistical Analysis 

Statistical analyses were conducted using GraphPad Prism 7 software. Non-

parametric Mann-Whitney tests were used to determine statistical significance. P values 

≤ 0.05 were considered statistically significant.  

Results 

Maternal Neutralizing Antibodies Against Subgroups B, C, E and D Adenoviruses  

 Adenovirus seroprevalence has not been evaluated in Zambian maternal-infant 

pairs (MIPs); therefore, the impact of HIV-1 infection, and its treatment with ART, on a) 

maternal nAb production, b) transfer of nAb to newborns, c) the decay of maternal Ab in 

neonates, and d) the development of infant de novo nAb responses, is incompletely 

understood. In order to estimate the seroprevalence of adenoviruses in Zambia, we 

tested 42 women in a pre-ART cohort and 25 women in a post-ART cohort for nAb 
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against recombinant Ad7 (Group B), Ad5 (Group C) and Ad4 (Group E) containing a 

GFPLuc reporter. Comparison of responses in the two temporally distinct cohorts 

allowed for evaluation of the change in breadth and magnitude of Ad nAb coincident 

with ART implementation in the region.  

Other groups have defined neutralization with thresholds from 50% up to 90% 

(25, 32-35). We conservatively defined neutralization as ≥ 90% mean neutralization for 

n=3 replicates. The number of women who neutralized Ad5 was not significantly 

different between the pre- and post-ART maternal cohorts, 93% and 88% respectively. 

The majority of women in the pre-ART cohort (52%) had neutralizing activity exceeding 

90% against Ad4 and Ad7. However, only 28% of women in the post-ART cohort 

exhibited nAb responses against those types. (Figure 5.1).  

 

 

Figure 5.1. Neutralization profile of adult women in Zambia, Africa against Ad4, Ad5, 
Ad7, Ad26, Ad28 Ad45, and Ad48. 42 serum samples from the pre-ART cohort and 25 
samples from the post-ART cohort were evaluated for neutralizing activity against Ad4, 
Ad5, Ad7, Ad26, Ad28, Ad45, and Ad48 at a 1:30 sera dilution by luciferase-based 
neutralization assay. Luciferase inhibition indicates viral neutralization by sera. Each 
sample was placed into one of three categories based on neutralization percentage 
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compared to virus only samples: >90%, 90-70% or <70% which equates to highly 
neutralizing, mildly neutralizing, or non-neutralizing, respectively.  

 Since species D adenoviruses were reported to be frequently isolated from 

immunosuppressed subjects and those with keratoconjunctivitis (36), and because this 

group was shown to have lower seroprevalence than Ads B, C, and E in other 

geographical regions, we tested for seroreactivity against four Group D Ads: Ad26, Ad28, 

Ad45 and Ad48 (26, 27). Given that these four Ads are members of the same Ad group, 

we anticipated levels of nAb to be similar in adults. Consistent with this concept, the 

majority of women in both the pre- and post-ART cohort did neutralize Ad26, Ad28 and 

Ad45 (Figure 5.1). The exception was Ad48 where less than 25% had detectable nAb (≥ 

90%), irrespective of the cohort.  

 Transfer of Maternal nAb and the Impact of HIV Infection in the pre-ART Cohort  

To evaluate patterns of maternal pre- and perinatally nAb transfer to infants, the 

percent neutralization for each adenovirus was quantified in sera collected from infants 

in 6-month intervals starting on the day of birth. The MIPs in the pre-ART cohort were 

recruited between 1998 and 2003, a time when Zambian women did not readily have 

access to ART treatment. Comparisons of the median nAb responses against each Ad 

subtype are shown in Figure 5.2 A-B. Median infant nAb responses were significantly 

lower than maternal against Ad4, Ad7, Ad26, and Ad28. In contrast, similar maternal 

and infant neutralizing responses were detected against Ad5 and Ad45. The median 

neutralization activity in infants against Ad5 and Ad45 was 99% and 99%, respectively. 

Because 4 of 28 maternal sera enhanced infection, median neutralizing activity against 
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Ad48 was not significantly different between mothers and infants. These findings 

suggest that pre-existing immunity could lower the effectiveness of a vaccine vectored 

with Ad5 or Ad45 if administered on the day of birth. 

 

Figure 5.2. Mother-to-infant transfer of neutralizing antibodies in pre-ART cohort. A. 
Mother to infant nAb transfer in the pre-ART cohort. Neutralizing antibody transfer was 
evaluated by a comparison of total medians of percent neutralization between mother 
and infant pairs on day of birth.  Statistical significance was determined by non-
parametric Mann-Whitney tests. B. Infant neutralization profile in the pre-ART cohort. 
Each infant sample was placed into one of three categories based on neutralization 
percentage compared to virus only samples: >90%, 90-70% or <70% which equates to 
highly neutralizing, mildly neutralizing, or non-neutralizing, respectively.  (* P ≤ 0.05, ** 
P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) 
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The pre-ART cohort was divided into two groups based on the HIV-1 status of the 

mothers, while the infants, irrespective of their infection status, were correspondingly 

grouped with their mothers. No significant difference was seen in overall maternal nAb 

activity between HIV-1 infected and uninfected women (Figure 5.3). Table 5.1 shows 

that maternal HIV-1 infection significantly reduced transplacental transfer of Ad nAb 

only for subtypes Ad7 and Ad26.  
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Figure 5.3. Median percentage of neutralization in the mothers against all seven Ads 
was analyzed for significance based on HIV-1 infection status (A) or ART treatment 
status (B). (** P ≤ 0.01) 

Table 5.1. Impact of maternal HIV infection on passive transfer of nAb on day of birth. 
For each MIP, the percent neutralization of the infant was divided by that of the cognate 
mother. The average of those ratios is reported for HIV-1 negative mothers (Column 2) 
versus positive (Column 3). Differences in the average of ratios based on HIV-1 status 
was statistically evaluated using non-parametric Mann-Whitney tests. A significant 
difference based on HIV-1 infection status was evident against Ad7 and Ad26. (* P ≤ 
0.05) 

 

Adenovirus HIV-  HIV+  Significance P-Value 
Ad4 0.86 0.96 ns 0.230 
Ad5 1.00 1.00 ns 0.914 
Ad7 0.95 0.87 * 0.048 
Ad26 0.96 0.91 * 0.039 
Ad28 0.94 0.94 ns 0.907 
Ad45 1.00 0.99 ns 0.995 
Ad48 0.63 0.71 ns 0.658 

 
Transfer of Maternal Neutralizing Antibodies and Impact of ART Treatment in post-ART 

Cohort  

 In the post-ART cohort, infants received significantly less maternal nAb against 

all 7 tested adenoviruses compared to the median values from the pre-ART cohort 

(Figure 5.4 A-B). The highest median neutralization in infants was against Ad5 at 93%, a 

value significantly lower than that from the pre-ART cohort (99%), but above the 

neutralization threshold. Median infant neutralizing activity against all other 

adenoviruses was below 90% and is therefore non-neutralizing or lacking in pre-existing 

immunity.  
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Figure 5.4. Mother to Infant transfer of neutralizing antibodies in post-ART cohort. A. 
Mother to infant nAb transfer in post-ART cohort. Neutralizing antibody transfer was 
evaluated by a comparison of total medians of neutralization between mother and 
infant pairs on day of enrollment (ENR) in the study. Infant ENR timepoint includes 
infants between 0-3 months of age. Statistical significance was determined by non-
parametric Mann-Whitney tests. B. nAb profile of post-ART cohort infants. Each infant 
sample was placed into one of three categories based on neutralization percentage 
compared to virus only samples: >90%, 90-70% or <70% which equates to highly 
neutralizing, mildly neutralizing, or non-neutralizing, respectively. (* P ≤ 0.05, *** P ≤ 
0.001, **** P ≤ 0.0001) 

 To investigate whether or not ART treatment impacted the extent of nAb 

transfer to infants, the post-ART cohort was separated into ART-treated and -untreated 
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mothers along with their corresponding infants. HIV-1 treated and untreated women 

showed no significance in overall maternal nAb activity (Figure 5.3). Differential 

perinatal transfer was only evident for Ad5 nAb. This finding suggests that the overall 

decrease in Ad nAb in post-ART infants was not associated with ART-mediated maternal 

immune reconstitution (Table 5.2). 

Table 5.2. Effect of maternal ART treatment on transfer of nAb from mother to infant. 
For each MIP, the percent neutralization of the infant was divided by that of the cognate 
mother. The average of those ratios is reported for ART-positive mothers (Column 2) 
versus negative (Column 3). Differences in the average of ratios based on treatment 
status were statistically evaluated using non-parametric Mann-Whitney tests. A 
significant difference based on ART treatment status was evident only against Ad5. (* P 
≤ 0.05) 

Adenovirus ART+ ART-  Significance P-Value 
Ad4 0.47 0.45 ns 0.799 
Ad5 0.97 0.80 * 0.021 
Ad7 0.79 0.72 ns 0.903 
Ad26 0.88 0.89 ns 0.249 
Ad28 0.69 0.59 ns 0.217 
Ad45 0.65 0.63 ns 0.562 
Ad48 0.69 0.60 ns 0.411 

 
Transfer of nAb between Mothers and Infants Coincident with ART Rollout  

To quantify the differentials in maternal nAb transfer to infants between the pre- 

and post-ART cohorts, we calculated the median ratios of infant-to-mother 

neutralization after conversion of those ratios as a percentage. We found that 

transferred nAb against all Ads, except Ad48, was significantly reduced in post-ART 

cohort infants (Figure 5.5). Ad48 also showed lower nAb, but the difference was not 

significant. Since only modest variation in maternal Ad4 and Ad7 neutralization was 
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detected in response to HIV-1 infection or its treatment, this data suggests that neither 

variable altered the extent of nAb transferred to infants.  

 

Figure 5.5. Maternal to Infant nAb Transfer in pre-ART (1) and post-ART (2) cohorts. An 
analysis of the change in nAbs transferred to infants over time was done by comparing 
the fold change between the pre-ART and post-ART cohorts. Fold change was calculated 
by dividing the infant neutralization percentage by that of the corresponding mother 
neutralization percentage. The medians are shown and Mann-Whitney tests were used 
to analyze statistical significance. (* P ≤ 0.05, *** P ≤ 0.001, **** P ≤ 0.0001) 

Degradation of Neutralizing Antibodies Over Time 

 In order to determine whether an optimal age for Ad-vectored infant vaccination 

might exist, and which Ad subtype(s) platform would be most efficacious, we quantified 

infant Ad nAb over time. Starting form from initial levels near those of the maternal 

donor, infant nAb levels decreased starting at 6 months after birth (Figure 5.6 A-B). All 

groups demonstrated a median neutralization below 70% at 12 months regardless of 

cohort or Ad. In both the pre- and post-ART cohorts, the highest median neutralization 

was against Ad5 at 68.6% and 52.5% respectively. The lowest median nAb response was 
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seen against Ad48 (26.1%) in the pre-ART cohort and against Ad4 (8.5%) in the post-ART 

cohort.  

 

Figure 5.6. Neutralizing antibody decay over time in Zambian infants. Decay in 
neutralizing antibodies was evaluated at 0, 6, 12, 24 and 36 months for Ad4, Ad5, and 
Ad7 in the pre-ART cohort (A). Only the 12 month time point was analyzed for the pre-
ART (A) for Ad26, Ad28, Ad45 and Ad48 and all Ads for the post-ART cohort (B) due to 
sampling limitations. Significant change in average neutralization was evaluated as a 
comparison to 0 months or enrollment (ENR) by Mann-Whitney analysis. (* P ≤ 0.05, ** 
P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) 

In the pre-ART cohort, we were able to follow the nAb response against Ad4, 

Ad5, and Ad7 out to 36 months. The downward Ad nAb trend that starts at 6 months 

continued until 24 months of age but began to trend upwards at 36 months presumably 
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in response to de novo infections. This indicates that the infant population would be 

considered naïve and receptive to Ad vectored vaccines using any of the 7 adenoviruses. 

Discussion 

The WHO reports nearly 90% of the world’s malaria infections, nearly 25% of TB 

cases, and 70% of HIV cases are located in Africa (2-4). Many of the diseases that are 

prominent in the region either have no vaccine available or are of very low efficacy, high 

cost, or with cold-chain dependent options that need improvement. Children in SSA, and 

elsewhere, are often exposed to infectious diseases at a young age, which makes infant 

vaccination crucial for effective disease control and child well-being and development. 

Indeed, our lab and others have demonstrated that seroconversion to Kaposi’s Sarcoma 

Herpesvirus (KSHV) occurs in sub-Saharan infants at levels near the adult prevalence by 

4 years of age (37, 38). Using adenoviruses as a vaccine vector has been shown to elicit 

strong T and B cell responses to inserted transgenes and could also confer immunity to 

the Ad used as the backbone, thereby decreasing the burden of adenovirus associated 

diseases in young children. Adenoviruses are relatively easy to manipulate and can be 

designed to be replication deficient where only the inserted transgene will be expressed 

in infected cells. Unlike many vaccine platforms, Ad based vaccines would not require 

cold storage.  In combination with the fact that they can be grown to high titers in vitro 

at relatively low cost, this makes Adenovirus an ideal vector for vaccines that could 

realistically be implemented on a large scale in Africa (12, 25).  
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While Adenoviruses have been studied for over 20 years for their use as a 

vaccine and gene therapy, it has been suggested that pre-exposure can lead to 

decreased efficacy of the vector (14, 19, 20, 39). For this reason, we investigated the 

seroreactivity profile of Ad within Zambia to establish a targeted approach for future 

vaccine strategies in this region of SSA. Other groups previously investigated 

neutralization against several of these Ads in sub-Saharan adults, but the results have 

been variable, and were not conducted longitudinally in children, the most likely 

recipients of vaccinations. In 2007, Abbink et al. reported seroreactivity to Ad5, Ad26, 

and Ad48 in SSA at 100%, 21% and 3%, respectively (25). However, in 2011, Barouch et 

al. reported the South African adult Ad5, Ad26, and Ad48 seroprevalence to be 87.9-

89.5%, 43.1–53.2%, and 13.3–24.6%, respectively (33). Our results are in agreement 

with these reports for some Ad subtypes whereas for others, the responses in our 

cohorts are distinct from those cited above. For example, while the median nAb 

responses to Ad 48 were also the lowest in both our cohorts, the magnitude of the 

response was 3-20-fold higher than the studies cited above, at 64% and 65.3% 

neutralization, respectively. In addition, low-level neutralization was readily detected in 

infants born to these mothers, whereas previous studies suggested that little Ad nAb 

was detected in young children (33). Nevertheless, the discrepant results could be a 

function of changes or differences in circulating Ad genotypes/serotypes in the region 

over time, or differences in experimental methods used for quantifying neutralization. 

For example, we see a decrease in maternal nAb responses against Ad4 and Ad7 
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between the pre- and post-ART cohorts which appears to correlate to a decrease in nAb 

transfer. This, however, does not explain the significant decrease in nAb transfer in the 

post-ART cohort against Ad5, Ad26, Ad28 or Ad45. The basis of methodological 

differences is also unclear since other studies quantified neutralizing responses by serial 

dilution but were unable to detect nAb at a 1:2 dilution, whereas we readily detected 

≥90% neutralization at a 1:30 dilution of plasma.  

Two other studies have investigated Ad5 seroprevalence in both HIV-1 positive 

and negative adult populations. Both reported no significant difference in Ad nAb 

between infected and uninfected populations (40, 41). These data suggest two 

possibilities. The first, and less likely, is that development of Ad nAb responses are not 

impacted by alterations to the CD4 T cell compartment since T cell depletion induced by 

HIV-1 infection did not diminish the neutralizing response. Alternatively, and perhaps 

more likely, the timing of infant de novo anti-adenoviral responses in our study suggests 

environmental exposure to adenoviral infection early in life, long before initiation of 

sexual activity. Thus, nAb responses had time to develop and mature immunological 

memory that likely is independent of CD4 T cell help in anamnestic responses. This 

second interpretation is supported by the lack of any statistically significant differential 

in Ad nAb responses in the mothers in our cohort as a result of ART treatment (i.e. CD4 T 

cell reconstitution).  

Our study is the first to longitudinally quantify the prevalence of nAb against a 

subset of Ads in infants starting at the date of birth (DOB). This is a time point where 
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nAbs are most likely derived from the prenatal transfer of maternal nAb. In the pre-ART 

cohort infants, we found significantly decreased nAb against Ad4, Ad7, Ad26, and Ad28, 

in comparison to the cognate mothers suggesting inefficient transfer or perhaps 

insufficient titer in the mothers despite high % neutralization. In contrast, the infant 

DOB nAb levels to Ad5 and Ad45 approached adult levels, implying efficient 

transplacental transfer, whereas Ad48 nAb in infants was below 90%. In the post-ART 

cohort, transfer of nAb against the investigated Ads was decreased. Of note, the median 

DOB percent neutralization of Ad5 was still high at 93%, in contradiction to reports 

suggesting that infants lacked nAb against Ad5 (33).  

A unique aspect of our study was the three-year follow-up of infants that 

allowed us to quantify the decay of maternally transferred nAb and to identify the 

timing of potential de novo responses to Ad infection. In both cohorts, median 

neutralization levels against all seven Ads were significantly lower by 12 months of age 

than at 0 months, and well below both the 90% and 70% threshold. Adenoviral infection 

and the resultant de novo humoral responses would explain the increases in infant nAb 

at 36 months seen against Ad4 and Ad5, this is consistent with post-weaning exposure 

to fecal-oral pathogens through solid food and increased social interactions. This study 

is the first to address the kinetics of nAb decay in infants where we potentially also 

identify exposure to the various Ads. Our findings implicate the existence of a window, 

between 12 and 24 months of age, that would support vaccination against regionally 

important pathogens without concern for pre-existing immunity.  
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In this study, the changes in adult seroreactivity to seven different Adenoviruses 

as well as the decay of nAb in children were examined to establish a timeline for 

vaccination in Zambia. We found that none of the seven Ads should be used in adults 

without pre-existing immunity being a major consideration as most adults neutralized 

the virus. In contrast, children have a window for vaccination between 12 and 24 

months of age where maternally transferred antibodies decrease, and de novo infection 

has not yet occurred. All seven of the investigated Ads would work for this purpose 

since all showed low seroreactivity; but Ad4 and Ad7 are the most promising candidates 

as they had the lowest seroprevalence in the post-ART infants and have already been 

tested for efficacy against adult Ad4 and Ad7 diseases in the United States military.  
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CHAPTER 6 

CONCLUDING REMARKS 

Our recent research on Kaposi sarcoma has investigated the transcriptomic and 

metabolomic aspects of KS (1-3). To investigate potential biomarkers of KS, we utilized 

three different methods: bulk comparative tumor transcriptomics and subsequent 

marker validation in tissue, plasma metabolomics, and plasma proteomics. Through 

those transcriptomic studies, our laboratory showed that KS tumor tissues have gene 

expression alterations indicative of significant dysregulation of various metabolic 

pathways, including glucose utilization and anabolic and catabolic lipid metabolism (3). 

Because of the extent of these changes, we sought to identify targetable pathways or 

proteins for treatment (2) by defining upregulated cell surface glycoproteins in the KS 

tumor microenvironment that potentially could be used as targets or biomarkers for KS. 

The transcriptomics study identified seven highly upregulated transcripts in the 

KS lesions that correlated with increased KSHV LANA expression, all of which encoded 

predicted cell surface proteins with potential as biomarkers for latent KSHV infection or 

KS-transformed cells. However, the absence of protein expression for OX40 and ZP2 

indicates post-transcriptional decoupling from RNA expression levels for some genes. 

Several of the markers identified are indicative of an endothelial cell phenotype and 

consistent with the prevailing view that KS is an endothelial tumor; however, PROX1 and 

CD34 are typically attributed to distinct endothelial phenotypes, lymphatic and vascular, 

respectively. This emphasizes the need for further studies into the cellular origin of KS 
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tumors. The establishment of a mouse model accurately reflecting the KS environment 

may prove to be essential to further this research, however, none of the current animal 

models completely recapitulate endothelial phenotypes observed in human KS tumors. 

For example, we demonstrated that the L1T2 cell line, which is latently infected with 

KSHV, was unable to express characteristic endothelial cell markers Prox-1 and CD34 

despite adopting a KS-like spindle cell morphology and retaining KSHV infection upon 

tumorigenesis.  

Metabolomic studies in our lab have also shown metabolic differences between 

KSHV-infected individuals and those with KS specifically in the amino acid and purine 

metabolic pathways, these have been identified by others as potentially significant in KS 

disease progression in cell line studies as well (4). Here we also examined plasma 

metabolites to gain insights into the metabolic profiles associated with Kaposi sarcoma 

(KS) and its progression in a Tanzanian cohort. We found distinct metabolic profiles 

among the three experimental groups, with a clear separation between symptomatic 

and asymptomatic individuals (1). The lipid fraction of plasma showed significant effects 

on lipid metabolism, consistent with the transcriptomic data from bulk KS tumors which 

identified dysregulation of glucose metabolism. Glycerophospholipids and sphingolipids 

represented a substantial portion of the differential lipids when comparing both the 

asymptomatic groups and the group with KS. The study also highlighted changes in 

purine metabolism, with hypoxanthine decreased and uric acid increased in the 

symptomatic KS group. These findings suggest metabolic reprogramming in KS, with an 
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emphasis on lipid metabolism and purine utilization. The follow-up study in Zambian 

individuals yielded similar results, in that changes to amino acid synthesis pathways 

were also observed in the KS symptomatic group. Both studies demonstrated glutamine 

and glutamate pathways as being differentially dysregulated in KS, but the lack of 

overall cohesiveness between studies emphasizes the need for a more thorough and 

controlled metabolomics study. 

 The above studies provided insights into the metabolic alterations of lipid 

metabolism, amino acid, and glucose metabolism associated with KSHV infection and KS 

progression, offering potential avenues for further research and biomarker 

development. Targeted metabolomics of both plasma and KS tumors of the 

dysregulated pathways are needed as the sensitivity of untargeted metabolomics is not 

high enough to detect all important metabolites that have roles in tumorigenesis.  

The Kaposi sarcoma (KS) research field faces several significant limitations that 

impede progress in understanding and effectively treating this complex disease. One of 

the foremost challenges is the lack of an animal model to study disease development. 

Currently, the only models utilize immunodeficient mice or latently infected epithelial 

cell lines (5). These models lack the complex immune systems humans have which 

impact tumor development and disease severity as well as the fundamental surface 

biomarkers that are characteristic of Kaposi Sarcoma such as CD34.  

The second is the lack of reliable biomarkers for early detection, diagnosis, 

prognosis, and disease progression. KS often presents at advanced stages, making it 
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challenging to implement timely interventions. Developing sensitive and specific 

biomarkers for KS is critical to enable early diagnosis, assess disease severity, and guide 

treatment decisions. Identification of disease-related markers will not only lead to a 

study to better understand the pathogenesis of the disease but could potentially 

enhance patient outcomes by facilitating early therapeutic interventions and monitoring 

disease progression based on biomarker presence and levels. Before such testing could 

be implemented, a targeted cohort evaluating patients before, during, and after 

treatment is needed to understand the important metabolic features discriminating 

individuals who respond to treatment from those who do not. Such studies are difficult 

to perform in the African setting and will likely require an American cohort to overcome 

storage and sample handling discrepancies.  

Another limitation is the heterogeneity of KS lesions, which can manifest in 

different clinical forms, including classic KS, endemic KS, iatrogenic KS, and epidemic KS. 

These variations in presentation suggest diverse underlying mechanisms and responses 

to treatment. EpKS often regresses when the individual is placed on ART; however, the 

only options currently available to HIV-negative EnKS patients are chemotherapy and 

palliative care, which have mixed outcomes where some patients who initially respond 

well will develop new tumors (6). Understanding and characterizing this heterogeneity 

at the cellular level within the TME is essential for tailoring personalized treatment 

strategies and improving therapeutic outcomes. However, limited access to patient 

samples in large enough quantities to support robust statistical comparisons and in vitro 
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and in vivo models that recapitulate this heterogeneity hinders research progress in this 

regard. Moreover, the infrequent occurrence of KS in certain areas and its prevalence 

mainly among specific populations, like those with HIV co-infection, makes it challenging 

to access patient samples. This shortage of real-world data hinders the identification of 

new therapeutic targets and the development of innovative treatment methods, given 

that most KSHV-related studies rely on in vitro models that may not fully capture the 

complexity of the disease. Overcoming these limitations requires collaborative efforts, 

increased research funding, and the establishment of biobanks and research networks 

to collect and share data, ultimately advancing our understanding of KS and improving 

patient care. 

The work herein described studies identifying and validating potential 

biomarkers of KS tumorigenesis; however, the small sample sizes and untargeted 

approaches render the data difficult to resolve. Recent technology has moved from bulk 

transcriptomics and exploratory -omic studies to more accurate and precise 

deconvolution of tumor constituents and their spatial proximity in the TME. For 

example, highly multiplexed in situ protein marker detection at single-cell resolution 

offers the opportunity to define tumor components and their relationships more 

thoroughly with one another. Preliminary images of KS using the Lunaphore platform of 

low and high KSHV LANA-containing tumors is shown below (Figure 6.1). In these 

preliminary findings, we observed increased cell proliferation, indicated by Ki67 in 

green, increased monocytes and macrophages, indicated by CD68 in orange, and CD3 
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cells along the periphery of the KSHV LANA regions. This is contrasted with a KS lesion 

with very low LANA expression where little cell proliferation, macrophage infiltration, or 

T cell recruitment is seen. Indeed, it is suspected that this lesion may not have been a KS 

lesion, but rather one of the confounding skin conditions that occur at high incidence in 

sub-Saharan Africa in the HIV-1+ population. Extending from my studies, this technology 

will now be combined with spatial transcriptomics by others in the lab to resolve 

remaining questions relating to the tumor microenvironment such as the cellular origins 

and the cell landscape of KS, and the status and Ag-specificity of immune cells present 

in/near tumor. Such understanding could open avenues for therapies to reactivate or 

recruit functional immune cells. 
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Figure 6.1. Preliminary spatial proteomics for two LANA positive KS lesions 
demonstrating the difference between a LANA low and LANA high tumor. Increased cell 
proliferation (Ki67) and CD68 are observed in the LANA high lesion.  

Kaposi Sarcoma remains a complex and challenging disease that demands 

further research to study disease pathogenesis, identify the potential biomarkers for 

prognosis, and follow disease progression. Understanding the tumor environment, 

encompassing the diverse cell types present, particularly immune cells within and 
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surrounding tumors, is essential for advancing our comprehension of the immune 

response, its underlying causes, pathogenesis, and potential therapeutic strategies. 

Moreover, further investigations into the interplay between host and viral factors, their 

roles in mediating transformation and oncogenesis, how the host responds to KSHV 

infection and the development of cancers, as well as the metabolic changes during 

tumorigenesis are essential to advance our knowledge and develop more effective 

strategies for prevention and treatment of KS. Until we identify the interplay among 

important cellular and metabolic factors, we will not be able to develop new therapeutic 

strategies to treat or prevent KS.  

A similar concept can be applied to investigate both spatial metabolic and 

transcriptomic profiles of KS tumors, allowing for a more accurate look into the state of 

tumor cells as opposed to metabolite profiles of circulating plasma. Here, we can 

differentiate between the metabolomic and transcriptomic profiles of KSHV-infected 

and uninfected cells within KS tumors as well as the metabolic states of the immune 

cells trapped on the exterior of the KS lesions. This technology can also be used to 

further explore the cellular origin of KS tumors. The proteomic and transcriptomic 

profiles at a single cell level may be able to differentiate cells that originate from 

circulating endothelial cells and stem cells. Identifying key pathways will open doors to 

investigating targeted therapeutics which may lead to more effective treatments and 

better outcomes for KS patients.  
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In conclusion, the results presented here describe a starting point for future 

research investigating the KSHV-infected cells in the tumor, the tumor-specific cellular 

markers, the tumor microenvironment, the role of infiltrating immune cells, and how 

various cell types interact with each other within the tumor. Studies with higher 

resolution at the single cell levels will further allow us to tease out the role of the 

infected cells, the importance of upregulated cellular pathways such as the VEGF and 

purine metabolism pathways while also allowing us to explore the state of the immune 

response in KS lesions to better understand the disease pathogenesis and possibly 

developing more effective therapeutic regimens.  
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