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ABSTRACT 

 This work aimed to define the diversity of human immunodeficiency virus in the 

brain and the consequences of viral compartmentalization in the brain on both viral 

evolution and on brain processes. A knowledge gap in this area exists due to both limited 

sample availability and due to presence of the blood brain barrier, an interface between 

the central nervous system and the rest of the body that limits movement of virus and 

antiretroviral drugs into the brain. In order to help fill this gap, this dissertation work 

focused on neuropathogenesis due to viral presence in the brain. In chapters one and two 

of this dissertation we compiled and analyzed the HIV-1 brain-related repertoire of 

information available from publically accessible databases in order to understand, first, 

the mechanisms that shape viral genomic diversity in the brain, and second, viral 

perturbation of molecular signaling pathways in the brain. In the first chapter we 

developed and employed a computational pipeline that revealed general viral diversity as 

shaped primarily by pressures unique to the individual host, and secondarily by diagnosis 

of HIV-1-associated neurocognitive disorder in the host. In addition, we discovered 

multiple novel HAND-associated viral amino acid markers. This work also resulted in the 

development of a comprehensive and carefully curated compilation of viral sequence data 



and associated clinical information from HIV-1 individuals assessed for HAND available 

online for continued use by researchers. In the second chapter of this dissertation, 

comparison of HIV-1 infected brains to both healthy brains and to brains with the brain 

tumor, glioblastoma multiforme, led to the identification of signaling pathways both 

unique to HIV presence in the brain and in common with glioblastoma multiforme. In all, 

our studies have shown the significant impact of HIV presence in the brain on both 

evolution of the viral genome and on molecular-level changes in the brain. We hope this 

work will ultimately help shed light on treatment options for the nearly 50% of the HIV-1 

population suffering from neurocognitive impairment due to viral presence in the brain.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Introduction to the field of bioinformatics 

The fields of computer science and mathematics have informed and transformed 

molecular biology for several decades now [1, 2]. Prior to the computational and data-

driven idea of bioinformatics we now envision, the term “bioinformatics” was used to 

describe a much more theoretical investigation of biological information processing 

systems [3]. Not until relatively recently, however, has this intersection of biology, 

mathematics, statistics and computer science been recognized as a key component of 

modern biology, as reflected by a rising demand for biologists proficient in 

computational methods and for educational programs that meet these demands [4]. This 

need has been driven, in large part, by an exponential increase in genomic data over the 

last two decades, requiring not only development of computational tools and algorithms 

capable of processing and analyzing high-throughput quantities of information, but more 

importantly, researchers that understand the computational challenges and biological 

questions that underlie these data toward their accurate, sophisticated, and biologically 

meaningful interpretation. In addition, continuous and rapid advances in data generating 

platforms require researchers stay current in their knowledge of such technologies and 

their statistical implications, at times even mandating a researcher set computational 

precedent in his or her field of study.  
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The work presented in this dissertation took advantage of bioinformatics 

methodologies to understand the neurological implications of infection by human 

immune deficiency virus (HIV). We capitalized on publically available data to increase 

our analytical power through the development and analysis of meta-datasets. Finally, we 

developed a publically available online resource to give back to the HIV scientific 

community, with the hope that this resource will help facilitate advancement in the field. 

Ultimately, our goal was not only to successfully employ and create computational tools, 

but also to capture the initial spirit with which Hesper and Hogeweg coined the term 

bioinformatics. “In short, under the heading of bioinformatics we wanted to combine 

pattern analysis and dynamic modeling and apply them to the challenge of unraveling 

pattern generation and informatic processes in biotic systems at multiple scales” [5]. 

 

1.2 Introduction to human immunodeficiency virus 

 Human immunodeficiency virus (HIV) is an etiological agent of autoimmune 

deficiency syndrome (AIDS), a disease that has claimed ~39 million lives globally in the 

last three decades [6]. At only 9.7 thousand nucleotides in length and encoding for 15 

proteins, the informational capacity of human immunodeficiency virus type 1 (HIV-1) is 

a mere fraction of its host human genome with 3 billion nucleotide base pairs [7]. Yet, 

despite its relative simplicity, this virus has evolved not only to evade an array of host 

immune responses, but also to use this host defense system for its own replicative 

purposes [8].  
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1.3 Effects of highly active antiretroviral therapy 

 Five years following the discovery of HIV as the driver of AIDS in 1984 [9, 10], 

the first HIV therapeutic agent, reverse transcriptase inhibitor azidothymidine (AZT), was 

approved for use [11]. In 1996, three protease inhibitors, saquinavir, indinavir, and 

ritonavir, were all FDA approved to be used in combination with reverse transcriptase 

inhibitors, and together, afforded the HIV population the first highly active antiretroviral 

therapy (HAART) regimen against AIDS onset [12]. By 1998, HAART was in wide use 

in developed countries, and in response, HIV-related deaths in these countries were 

rapidly declining [13]. In addition to its ability to slow down clinical progression, 

HAART has also afforded HIV individuals a level of immune system restoration from 

viral damage [14]. Our ability to control viral replication within the brain and viral 

damage to the brain, however, remains highly limited [15].  
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1.4 HIV-associated neurocognitive impairment mechanism 

 Dysfunction of the central nervous system in HIV-infected individuals became a 

source of concern and investigation following early clinical observations of acquired 

immunodeficiency syndrome (AIDS) [16]. Discovery of the direct effect of HIV on the 

brain came first from observation of viral RNA and viral protein presence in the brain 

tissue of infected individuals and second, from evidence of active transcription and 

translation of viral genome in brain-derived macrophage cells [17-19]. It is now known 

that the brain serves as a reservoir for latent virus and that virus within the brain can 

infect several different types of cells, including macrophages, microglia, and neural 

progenitor cells [20]. Coupled with the presence of the blood brain barrier (BBB), 

targeting virus located in the brain is a great challenge [21, 22].  

 Within days following transmission, infected circulating monocytes, a type of white 

blood cell, enter into the central nervous system (CNS) through the BBB and differentiate 

into macrophages [23] (Figure 1.1). Infected macrophages and, subsequently, recruited 

microglia, release neurotoxic mediators, viral proteins, and cellular activation products 

that damage neighboring cells, including neurons [24]. Correspondingly, both 

macrophage levels in the brain and degree of macrophage activation serve as the best 

indicators of degree of neurocognitive impairment within the HIV individual. Although 

to some extent these cells do help protect against infection, they also support the initial 

establishment of infection within the brain, and therefore play a key role in development 

of HIV-associated neurocognitive disorders (HAND) in the HIV individual [25].  
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 HAND progression is marked by a number of distinct histopathological events. 

These events begin with infiltration and accumulation of macrophage cells within the 

CNS and the subsequent formation of microglial nodules and multi-nucleated giant cells 

[26]. This is followed by widespread astrogliosis, an abnormal increase in astrocyte level 

in response to neuronal damage, and eventually leads to pallor of myelin sheaths, 

neuronal loss, and loss of synaptic connections between neurons [24]. Areas of the brain 

affected by this chronic inflammation, as evidenced by increased astrogliosis in these 

regions, include the hippocampus and the entorhinal cortex, areas of the brain involved in 

memory, and subcortical white matter, an area controlling multiple functionalities, 

including memory, language, and movement [27]. 
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Figure 1.1 HIV-1 entry into the human brain (from Trujillo, 2004) [23] 

HIV enters the brain early following initial infection. Infected monocytes traveling 

through the circulatory system, and in particular, mature monocytes, as the white blood 

cell population most vulnerable to HIV infection, enter into the CNS through the BBB. In 

this manner, virus is brought into the brain, and infection established through monocytic 

differentiation and by subsequent macrophage and microglial recruitment to this site [25, 

28]. 
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1.5 HAND in the HIV population 

 Prior to HAART introduction, HIV-associated neurocognitive disorder (HAND) 

was severe and would rapidly progress to AIDS dementia complex (ADC) (sometimes 

referred to as HIV-associated dementia (HAD)). While HAART has greatly reduced the 

incidence of severe forms of HAND to only 1% of the HIV population, the percentage of 

HIV individuals suffering from milder forms of HAND continues to rise [29]. In the 

recent and large-scale CNS HIV Anti-Retroviral Therapy Effects Research (CHARTER) 

study, nearly half of all HIV-1-infected individuals suffered from a form of HAND 

(Figure 1.2) [29, 30]. A number of reasons potentially contribute to this trend, including: 

incomplete suppression of virus located within the CNS due to poor penetration of 

HAART through BBB [21]; extant brain damage prior to HAART use [31]; neurotoxicity 

of HAART drugs that do cross into the CNS [32]; potential for very low levels of virus in 

the CNS to promote brain damage through chronic inflammation [33]; and accumulation 

of damage to the CNS resulting from prolonged patient lives [34]. Ultimately, individuals 

affected by HAND have difficulty performing even day-to-day activities, and suffer from 

deficits in learning, motor function, verbal fluency, memory, and attention [35]. Even 

more crucial, an individual with HAND is at a three-fold increased risk of death as 

compared to a mentally healthy HIV individual [36]. 
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Figure 1.2 Rates of HIV-associated neurocognitive disorder before and after 

introduction of HAART (from McArthur (2010) and Heaton (2011)) [29, 37] 

HAND incidence rates prior to and following HAART introduction. Categories HAD, 

MND and ANI refer to HAND types HIV-associated dementia, mild neurocognitive 

disorder, and asymptomatic neurocognitive impairment, respectively. Despite HAART 

use, rates of HAND along the disease progression spectrum are still at 50% in the HIV 

population. 
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1.6 Viral evolution in the human brain 

 The fact that we have limited control over viral replication in the brain, that the 

brain acts as a reservoir for latent virus, and that HIV, both directly and indirectly, 

produces a devastating amount of damage on the brain, demands we gain a better 

understanding of viral processes within the brain. One of the most rapidly evolving 

entities known, HIV-1 is characterized by its high genetic variability and an ability to 

evolve quickly relative to, and in response to, its host environment [38]. Along with 

processes controlling general intrahost viral diversity, namely recombination and 

substitutional evolution, viral diversity in the brain is dictated by the founder effect, the 

initial viral community, by selective pressures unique to the brain environment, including 

tissue-specific innate immune responses, and by a restricted influx of new viral members 

into the brain due to presence of the BBB [39]. 

 

1.7 Prior research on brain viral evolution 

 Inefficient entry of HAART into the CNS compartmentalizes viral evolution in the 

brain relative to treatable tissues that undergo evolutionary pressures imposed by drug 

treatment. While effect of brain compartmentalization on viral sequence evolution has 

been studied for two decades now, this body of literature remains highly conflictive and 

suggests a more sophisticated interaction between tissue and virus than has yet been 

uncovered.  

 Due to its role in both macrophage tropism and viral replication in the brain, the env 

gene, and in particular the V3 loop region of this gene, has become the focus of HIV 

compartmentalization research. Studies by Korber [40], Ball [41], Wong [42], Chen [43], 
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McCrossan [44], and Pillai [45], on the effect of compartmentalization on the V3 loop of 

the env gene, have all indicated presence of selective pressures specific to the brain 

environment that shape the viral genome. In addition to the V3 loop, the V1/V2 loop of 

the env gene has also been shown to undergo a brain compartmentalization effect [46]. A 

comparable amount of research, however, has indicated limited evidence of brain 

compartmentalization on env, including work by Reddy [47], Smith [48], and Smit [49] 

on the V3 loop, as well as work by Beebe [50], Reddy [47], Brew [51], Hughes [52], 

Zhang [53], and Strain [54] on regions of the env gene beyond the V3 loop. Like HIV 

compartmentalization research, work on HIV evolution specific to the HAND brain has 

also led to contradictory findings. As early as 1994, Power discovered two env codons 

that differed between HAND and non-HAND patients [55]. This finding has since been 

refuted and validated [56, 57]. Additional HAND-associated signatures have since been 

discovered in both the env [45, 58] and nef genes [59, 60]. 

 

1.8 Our work on brain viral evolution 

 Toward an enhanced understanding of brain environmental pressures on viral 

genome evolution, in the first of two research projects presented in this dissertation, we 

developed a comprehensive viral sequence database to observe and measure variation in 

the HIV sequence in response to tissue compartmentalization, and to test for genomic 

variation in response to HAND presence. We anticipated creation of this database to 

provide both an increase in sample size and in clinical annotation with which to test for 

genomic variation across a greater region of the viral genome, across a greater range of 

HAND types, and with more power than possible prior to development of this resource. 
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1.8.1 Development of the HAND database resource 

The HAND Database was developed as a publically available resource of HAND-

associated viral sequence data and associated clinical annotations. The largest HAND-

specific viral sequence database to date, this resource originally contained 5,783 

sequences from 163 individuals. The only other published HAND viral sequence resource 

at the time, the HIV Brain Sequence Database (HIVBrainSeqDB), focused on brain-

derived viral sequences from the env region of the viral genome [61]. In contrast, we 

developed the HAND Database as a more general HAND resource, containing all viral 

sequences with HAND-associated information, regardless of HAND type, sampling 

tissue type, or viral genomic region. In addition, the HAND Database included sequences 

from HIV individuals that had been tested for HAND, but were found to not have the 

disorder, effectively providing a control group for future HAND research. In addition to 

viral sequence data, this resource included detailed clinical annotation on each sequence 

entry, including, for example, patient information (HAND status and type, HIV therapy 

status and type, and sex), sampling information (tissue, year, and country), and sequence 

information (genotype and polyprotein). Overall, database sequences were sampled from 

twenty different tissue types and from five geographical regions, and sequence coverage 

included the five HIV-1 genes, gag, pol, env, tat, and nef.  

In addition to database breadth, we worked to ensure database quality. Sequence 

and clinical data were filtered and annotated: clinical data were cross-referenced 

whenever possible, sequence data were filtered for contamination and for sequencing 

errors, and finally, sequences were re-genotyped, as HIV genotyping has been shown to 

be error-prone [62].   
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We also created a website to host this resource, with a number of features to 

facilitate database use, including, multiple search and filtering mechanisms, the ability to 

create custom Boolean searches, multiple data export options, and help and contact pages 

(Figure 1.3). We anticipated this resource would prove useful in HIV 

compartmentalization research, in HAND research, as well as in the more general 

investigation of viral evolutionary processes. 
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Figure 1.3 The HAND database search interface 

The HAND Database provides flexible searching, filtering, and browsing capabilities, 

including a detailed view option and a Boolean search builder. In addition, viral sequence 

data and HIV individual annotations of interest can be exported into a variety of file 

formats for further use. Additional website pages include a home page with background 

information on HAND, a help page with database information, and a contact page for 

database support. 
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1.8.2 Use of the HAND database in the study of brain viral evolution 

 The first study detailed in this dissertation implemented the HAND Database in the 

systematic study of HIV-1 genome changes associated with both tissue 

compartmentalization and with presence of HAND. In our compartmentalization research 

we leveraged a phylogenetic approach in combination with this database to uncover 

evidence of viral evolution specific to tissue type. We found no significant evidence of a 

tissue compartmentalization effect on viral evolution. However, when testing individual 

HIV genes, we did observe an interaction between the brain environment and the env 

region of the viral genome. In general, the greatest effect on the genome, accounting for 

nearly 100% of its overall variation, was the HIV individual hosting that particular viral 

sequence. 

 In the second part of this study looking for viral markers associated with HAND, 

we again used the HAND Database, but this time in combination with an information 

theory approach toward the quantification of an individual HIV gp120 amino acid ability 

to indicate HAND presence in the HIV individual [63]. More specifically, we used 

Shannon Entropy to calculate the amount of information provided in a particular 

message, in this case an individual position in an amino acid alignment, by its reduction 

of uncertainty with regard to an event, in this case HAND diagnosis [64]. An aligned 

amino acid position with more Shannon Entropy provided us with more information on 

the outcome of HAND as a probabilistic event. HAND and non-HAND Shannon Entropy 

measurements were compared to find amino acid positions with significant differences in 

variability between the two groups [65]. Using this technique, we validated 11 prior viral 

genomic markers associated with HAND and HAD diagnoses, and identified 56 novel 
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HAND-associated HIV gp120 amino acid markers (p < 0.05), 26 of which remained 

significant at the more conservative level of p < 0.005 (Figure 1.4).  

 It is important we note that in our search for HAND viral markers, we took 

measures to account for genomic characteristics specific to HIV. These steps included 

testing for recombination and hypermutation events, use of alignment algorithms to help 

maintain N-linked glycosylation site information, as well as more general measures to 

ensure accuracy of interpretation, including increasing our statistical power through 

removal of host-specific biases and through an increase in sample size. While HAND 

research is still limited in many ways, including breadth of viral genome sequenced and 

geographical regions sampled, we hope this work will help push these limits by 

consolidating prior sequencing efforts and by providing new regions of interest in HIV 

gp120 for continued study. 
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Figure 1.4 Identification of HIV gp120 amino acids associated with HAND 

The left-hand model shows the genomic region of the HIV gp120 trimer tested for HIV-

associated dementia (HAD)-associated amino acids in the recent high-throughput study 

by Holman et al. [56], as depicted on the 4NCO PDB HIV gp120 model in light blue 

[66]. We selected this study to compare against as it made use of the recent 

HIVBrainSeqDB Database [61]. The right-hand model shows the genomic region of the 

HIV gp120 trimer we found to be significantly associated with HAND at p < 0.05, as 

shown in red on the 4NCO PDB HIV gp120 model [66]. The light blue region of the 

right-hand model indicates the region of the HIV gp120 trimer explored within this study. 

In addition to testing a region of over three times that of prior work, we also observed 56 

novel HAND-associated amino acids and validated 11 prior HAND markers. 
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1.9 Malignancy in the HIV population 

 The two primary causes of morbidity in treated HIV-1 patients are opportunistic 

infections and tumors [67, 68]. With HIV disease progression, not only is the HIV 

individual at an increased risk for neurocognitive damage, but also for formation and 

proliferation of malignant cells [69]. This propensity is attributable to both a failing of 

cancer detection systems in the HIV individual and to HIV-specific mechanisms that 

promote tumor formation, including: oncogene activation, tumor suppressor gene 

inactivation, immune system impairment, and disease co-infection [70].  

 Brain tumor primary CNS lymphoma (PCSNL) is well documented in the HIV 

population, particularly in severely immunocompromised individuals and considered an 

AIDS-defining malignancy. Glioma brain tumors, however, are not as frequent in the 

HIV population, and in fact, the most common primary brain tumor in the general 

population, glioblastoma multiforme (GBM), is rarely observed in HIV individuals. 

Between 1984 and 2010, only 55 glioma cases, 19 of these GBM cases (Figures 1.5 and 

1.6) were reported worldwide in the HIV population [69, 71]. While lymphoproliferative 

cells give rise to PCSNLs, gliomas develop from the malignant transformation of 

neuroectodermal-derived supporting cells, a process primarily associated with mutations 

in either the TP53 tumor suppressor gene, or the p16/RB/E2F pathway [71]. In HIV 

individuals, glial tumors may result from a number of viral-related mechanisms, 

including viral inactivation of tumor suppressor genes and activation of oncogenes, viral 

induction of cytokines and cellular growth factors, and viral promotion of malignant 

transformation of glial and astrocyte cells via over-expression of transforming growth 

factor-β2 (TGF-β2) [72, 73]. 
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Figure 1.5 Glioma cases in the HIV-1 population by histological type (modified from 

Cedeno-Laurent & Trujillo, 2011) [71] 

Between 1984 and 2010 the most frequently observed glioma in the HIV population was 

glioblastoma multiforme (GBM), with 19 total cases of GBM reported during that time 

period. 
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Figure 1.6 Glioma cases in the HIV-1 population by decade (modified from Cedeno-

Laurent & Trujillo, 2011) [71] 

Within the span of nearly three decades, only 55 glioma cases were reported in the HIV 

population [71]. While the initially low reporting of gliomas between the years 1980 to 

1990 may be attributable to poor documentation of the malignancy and a short life 

expectancy for HIV individuals, there was a reduction in glioma cases between the 

decades of 1991-2000 and 2001-2010. While this may in part be due to the introduction 

of HAART in 1996, an extremely limited sample size to start with lead us to hypothesize 

a potential effect of the virus itself against GBM development. 
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1.10 Glioblastoma multiforme development 

 According to a recent report by the Central Brain Tumor Registry of the United 

States (CBTRUS), in the general population, GBMs account for 16.3% of all reported 

brain tumors, and almost 50% of all neuroepithelial tissue tumors [74]. While GBM 

etiology is still largely unknown, a great body of literature has helped elucidate those 

molecular mechanisms that underlie both, progression of GBM, and to some extent, 

initiation of GBM. However, despite advances in GBM research as well as in cancer 

therapies, prognosis for GBM patients remains extremely poor [75].  

 One of the primary difficulties involved in GBM treatment lies in its heterogeneity 

[76], and as a result there has been a move toward therapies that target specific signaling 

pathway molecules over more generalized cancer treatment options (Figures 1.7 and 

1.8). Genetic events and signaling pathway alterations central to primary GBM 

development, the de novo form of this tumor, include changes in the signaling epidermal 

growth factor receptor (EGFR) pathway, due to EGFR amplification (~40% of primary 

GBMs) and overexpression (~60% of primary GBMs), shown to impact a number of 

cancer mechanisms including cellular growth, movement, proliferation and tumor 

vascularization [77], and to confer chemo-resistance to cells through its regulation of cell 

death pathways [78]. Additional hallmarks of primary GBM development include loss of 

cyclin-dependent kinase inhibitor 2A (CDKN2A also termed INK4a/ARF) (30-40% of 

primary GBMs) [79], important in cell cycle control, and PIK3CA mutation (~7% of 

primary GBMs) [80, 81]. A characteristic of both primary and secondary GBMs is 

activation of RAS-mediated signaling, a molecule important in cell survival and cell 

migration. RAS regulates vascular endothelial growth factor expression (VEGF), in this 



 

21 

manner controlling tumor vascularization [82, 83]. Mutation of tumor suppressor gene 

phosphatase and tensin homolog (PTEN) (~30% of primary GBMs), is also common to 

both primary and secondary GBM development (~5% of secondary GBMs) [84, 85]. 

Hallmarks of secondary GBM development, a GBM tumor arising from a low grade 

astrocytoma, include overexpression of PDGF/PDGFRα (~60% of secondary GBMs) 

[85], and inactivating mutations in tumor suppressor pathways, tumor protein p53 (TP53) 

pathway (> 65% of secondary GBMs) and retinoblastoma protein (RB1) pathway [86-

88]. 
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Figure 1.7 Key intracellular events leading to neoplastic transformation of glial cells 

(modified from Nakada et al., 2011) [80] 

Specific changes in intracellular signaling pathways underlie key events in 

gliomagenesis. These events frequently occur in combination with one another and 

include: loss of cell cycle control, tumor vascularization, cell invasion and migration, loss 

of apoptotic control, growth factor overexpression, and genetic instability. Major 

pathways and molecules involved in these events are listed next to each [80]. 
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Figure 1.8 Genetic and molecular changes that lead to either secondary or primary 

GBMs  

There are two types of GBM tumors, primary and secondary, each resulting from a 

unique set of genetic and molecular alterations in glial cells [89]. Up arrows indicate 

genes that are over-expressed or molecular products that are activated or amplified in 

GBM cells, and down arrows indicate under-expression or loss of genes. LOH 10q refers 

to loss of heterozygosity on chromosome 10q, seen in the development of both tumor 

types [90]. 



 

24 

1.11 Immune system use overlap in HIV and GBM 

 In both HIV infection of the brain and GBM development, cells in the host immune 

system are hijacked and repurposed by each disease. In both disease states, the body 

reacts with a heightened immune response and with an abnormally prolonged state of 

inflammation. In GBM development this can occur, for example, through NFκB pathway 

activation potentially due to EGFR amplification, and in HIV chronic inflammation can 

result from release of pro-inflammatory cytokines due to direct activation of lymphocytes 

and macrophages by the virus [91, 92]. The inflammatory response is the first response of 

the immune system to injury, and serves to prevent spread of infection as well as to 

promote healing. This system uses monocytes, an innate immune system blood cell, to 

respond quickly to pathological processes. In a matter of hours following immune system 

activation, monocytes can be found at the source of infection, actively differentiating into 

macrophages toward elicitation of an immune response including antigen presentation, 

phagocytosis, and cytokine production. While this is a crucial response, when 

inflammation becomes chronic, it has been shown to drive a number of maladies 

including rheumatoid arthritis, diabetes, depression, heart disease, stroke, and more 

recently, cancer [93].  

 Infection by HIV and development of GBM both use the innate immune system in 

highly similar ways, and as the main inflammatory cell of the CNS, microglia are key to 

neurocognitive impairment in both diseases. In GBM development, activation of 

microglial receptors triggers the innate immune response and attracts microglial cells, 

resident macrophages in the brain, to the glioma [94]. Consequently, microglial density in 

a glioma is positively correlated with tumor malignancy and invasiveness [95]. In HIV-1 



 

25 

infection, circulating monocytes, some of which are infected, directly access the CNS 

through the BBB and differentiate into resident macrophages. Within a matter of days 

following initial infection, HIV is detectable in brain tissue. In addition to driving HIV-

associated neurocognitive impairment, macrophage/microglia (M∅) also serve as latent 

viral reservoirs [96], and it follows that as with GBM progression, brain M∅ level and 

brain M∅ activation have been shown to also serve as indicators of HAND progression 

[29, 97]. 

 

1.12 Protease inhibitor effects on malignancy formation 

 Protease inhibitors included in HAART have been found to exhibit tumor 

suppression effects on a number of tumor cell lines [98]. A recent and large-scale study 

testing the effects of multiple protease inhibitors on tumors in the HIV-1 population 

demonstrated protease inhibitor (PI), Nelfinavir, to have the greatest effect on tumor 

inhibition [99]. Nelfinavir has two anti-cancer pathways. First, as a protease inhibitor, 

Nelfinavir inhibits proteosome activity and prevents protein degradation. This, in turn, 

triggers the unfolded protein response (UPR) pathway, and if sustained, UPR triggers 

apoptosis, programmed cell death, in the cell [100]. In mice, Nelfinavir has been shown 

to inhibit GBM growth through stimulation of UPR leading to apoptosis, as measured by 

increased expression of CHOP, a marker of endoplasmic reticulum (ER) stress, and 

activation of caspase-4, an enzyme involved in ER-stress induced apoptosis [101], both 

molecules involved in cell death pathways. A second study found Nelfinavir to act on 

GBM through the PI3K/AKT pathway. Normally activated by GBM through loss of 

tumor suppressor antagonist, PTEN, Nelfinavir works to inhibit AKT phosphorylation, 
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resulting in the downregulation of vascular endothelial growth factor (VEGF) and 

hypoxia-inducible factor 1-alpha (HIF-1α), key molecules in angiogenesis [102]. 

 

1.13 Overlap between HIV and GBM diseases 

 While the first study detailed in this dissertation made use of viral genomic data to 

understand the effects of brain compartmentalization on the virus, the second study used 

human transcriptomic data to understand viral effects on the brain from the perspective of 

the host. While HIV-1 individuals have an increased risk for developing cancer, the most 

common primary brain tumor in the general population, GBM, is rarely reported in the 

HIV-1 population [71]. The fact that we have limited data to fully attribute this incidence 

rate to HAART use, in addition to the well-documented impediment to protease inhibitor 

entry into the brain due to presence of the BBB, led us to hypothesize a potential role for 

HIV infection on GBM development in HIV-infected individuals [71, 103]. In an attempt 

to uncover biological mechanisms that might account for this lowered incidence, the 

second study explored links between HIV-1 infection of the brain and GBM 

development. Using a comparative network analysis approach, we examined biological 

functions that were either significantly enriched or significantly perturbed in both disease 

states.  

 As we hypothesized, both diseases had profound effects on the host immune system 

and on the host nervous system. In particular, the immune system was the most heavily 

implicated in both, with immune system signaling pathway, antigen processing and 

presentation, significantly enriched and activated in both diseases. While we anticipated 

activation of cancer pathways in the GBM group, we made the unanticipated discovery of 
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cancer pathway enrichment and perturbation in the HIV-infected brain. The three cancer-

signaling pathways, transcriptional misregulation in cancer, pathways in cancer, and 

glioma, were activated in both diseases, HIV and GBM. Of particular interest, however, 

was a difference between the two diseases in their activation of cancer pathway, cell 

death of glioma cells (Figure 1.9). The cell death of glioma cells pathway has been 

shown to involve five genes: B-cell CLL/lymphoma 2 (BCL2) [104, 105], C-X-C motif 

chemokine 12 (CXCL12) [106], eukaryotic translation initiation factor 2-alpha kinase 

(EIF2AK3) [107], Fas cell surface death (FAS) [108, 109], and tumor necrosis factor 

(ligand) superfamily, member 10 (TNFSF10) [110, 111]. These five molecules were all 

significantly differentially expressed in the HIV+ group as compared to the control 

group, and this pathway was activated in this group. In the GBM group, however, only 

three of these molecules exhibited differential expression and appropriate directionality 

toward pathway activation, and the glioma cell death pathway was therefore not activated 

in this group. Upstream regulator analysis of the two genes differentially expressed 

between GBM and HIV, BCL2 and CXCL12, showed evidence of differential regulation 

of the glioma cell death pathway by GBM and HIV that might provide insight into 

differences in GBM signaling pathway regulatory control between the two diseases. 
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Figure 1.9 Activation of molecules in the cell death of glioma cell death pathway 

across the three groups, HIV+, HIV+/HAND+, and GBM+  

Genes BCL2, CXCL12, EIF2AK3, FAS, and TNFSF10 were all significantly differentially 

expressed in our HIV+ group, and based on both significance and directionality of this 

differential expression, the glioma cell death pathway was predicted as activated in this 

group. In the GBM+ group, the glioma cell death pathway was not predicted as activated, 

with only three of these genes both significantly differentially expressed and with the 

appropriate directionality. Red squares represent down-regulated genes as compared to 

the control group, and green squares represent up-regulated genes as compared to the 

control group.  
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Greater color saturation indicates a greater log fold change, and less color saturation 

indicates a smaller log fold change. Significant log fold changes (B-H adjusted p-value < 

0.05) are marked with two asterisks. 
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NOVEL HIV-1 ENVELOPE AMINO ACID RESIDUES LINKED TO HIV-1-

ASSOCIATED NEUROCOGNITIVE DISORDER1 
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2.1 Abstract  

Background: HIV-1 entry into the brain occurs early in infection, and in nearly half of 

all infected individuals results in a range of HIV-1-associated neurocognitive disorders 

(HAND). Prior research on HIV-1 evolution in the brain has provided insight into HAND 

pathogenesis and has shown the potential for advancement in the area. HIV-1 sequences 

derived from HAND-assessed individuals, however, are extremely limited, making it 

difficult to study viral evolution in the HAND environment. Methods: Here we compiled 

and analyzed viral sequence and clinical data from prior research on individuals assessed 

for HAND, providing an enhanced sample to identify both brain- and HAND-specific 

viral evolutionary events. Results: Testing for impact of HAND on viral evolution 

revealed 67 HAND-associated amino acid residues within the viral envelope (env) 

genomic region (p < 0.05), 56 of which had not been previously reported. Testing for 

impact of tissue type on viral evolution showed intra-individual sequences, regardless of 

tissue compartmentalization, as homogeneous. While tissue type did not affect clustering 

of the env gene, sequences derived from brain tissue did exhibit increased diversity as 

compared to both cerebrospinal fluid and blood sequences (p < 0.005). Conclusions: Our 

finding of novel HAND-associated env signatures helps advance current understanding of 

viral evolution within the HAND brain, and points to the potential for genomic regions 

beyond env to also exhibit HAND signatures. Most importantly, this study allowed us to 

systematically and rigorously test over three times the env region than had been possible 

prior to the development of our HAND resource, and to account for biases related to what 

we found to be the primary viral sequence clustering mechanism, clustering by 

individual. 
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2.2 Background  

 Although great strides have been made in extending and improving the lives of 

those with human immunodeficiency virus (HIV), our ability to control viral damage to 

the HIV individual’s brain remains highly limited [1]. Poor penetration of anti-retroviral 

therapy through the blood brain barrier, and into the central nervous system (CNS), leads 

to limited external control over viral replication in the brain, where macrophages, 

microglial cells, and astrocytes have been shown to act as long-term HIV reservoirs and 

as intermediates for viral damage [2-4]. This challenge is coupled with the potential for 

even low levels of viral protein products to damage both neurons and the synapses 

between them where communication occurs [5-7]. In the recent and large-scale CNS HIV 

Anti-Retroviral Therapy Effects Research Study, nearly half of all HIV-1-infected 

individuals sampled showed some level of HIV-1-associated neurocognitive disorder 

(HAND) [8]. Individuals with HAND frequently exhibit deficits in learning, verbal 

fluency, motor function, and memory. In those areas of the world most affected by HIV 

and least able to afford anti-retroviral therapy, the most severe form of HAND, HIV-1-

associated dementia (HAD), continues to devastate the mental health of untreated 

individuals [9]. Ultimately, HIV-1 individuals with HAND suffer from a greatly reduced 

quality of life, and compared to mentally healthy HIV-1 individuals, are at a threefold 

increased risk of death [10, 11]. 

 Following early clinical observations of acquired immune deficiency syndrome 

(AIDS), high rates of severe neurocognitive disorders in the HIV population became a 

growing source of concern [12-15]. Research on the effects of virus in the brain began 

with the discovery of viral RNA and proteins in brain tissue, and of active transcription 
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and translation of virus within brain-derived macrophage cells [16-19]. The incidence 

rate of HIV-1-associated dementia (HAD), has since been linked to sequence subtype, 

with a higher HAD rate seen in individuals with subtype D as compared to individuals 

with subtypes A and C [20, 21], with genetic distinction between subtypes largely 

attributable to variations in the HIV-1 Env protein sequence [22-24]. Due to the critical 

role of HIV-1 Env in both macrophage tropism and viral replication, research on brain-

derived HIV-1 has focused on this region, and in particular, on the V3 loop, a region that 

functions in CD4+ cell entry [25]. Findings in this area, however, have been inconsistent, 

including evidence for and against brain-specific evolutionary pressures on the V1V2 and 

V3 regions of the env gene [26-40]. Studies that have searched the viral genome for 

events linked to HAND have also proven mixed. Power et al. discovered two V3 region 

codons that differed between HAD and non-HAD individuals, a finding that has since 

been both refuted and validated [41-43]. Following Power et al., additional HAND-

associated amino acid residues have been discovered in both the V3 and V4 regions of 

the env gene, as well as in the nef gene [36, 44-46]. Research on the relationship between 

brain viral sequence changes and HAND pathogenesis, however, has remained largely 

limited. These limitations include small sample sizes, a disparity of methodologies, and 

biases in sampling and sequencing, and together, substantiate the need for continued 

study in the area. 

 To address those research discrepancies noted above, herein we report a 

systematic study of HIV-1 genome changes associated with tissue compartmentalization 

and with HAND status. Our study benefits from our well-curated database devoted to 

understanding HIV-1-associated neurocognitive disorders. This database contains up-to-
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date and comprehensive viral sequence information across multiple tissue types, and 

representing multiple viral genomic regions, with highly detailed clinical information. 

HIV-1 individuals included in this database encompass the spectrum of HIV-1-associated 

neurocognitive disorders, allowing for insight into HAND individuals beyond the more 

frequently investigated dementia cases. This resource, therefore, provides a robust 

foundation for testing our hypothesis that there exist differences in the HIV-1 genome 

between HAND and non-HAND individuals, and allows for pinpointing of HAND-

associated signatures. Results from this work indicate an interaction between the Env 

protein and the brain tissue environment, arguing for the need to consider genomic region 

when looking for tissue compartmentalization effects on viral evolution. Even more 

importantly, we identified novel signatures in the HIV gp120 region linked to HAND 

status. We expect these findings will help elucidate those molecular mechanisms 

underlying promotion and development of neurocognitive disorders in HIV-1 individuals. 

Finally, development of the publically available HAND Database will also allow for 

advanced investigation of HIV-1-associated neurocognitive disorders. 

 

2.3 Methods 

2.3.1 Data collection and screen 

 Sequence data were collected from the NIH Genetic Sequence Database 

(GenBank) (last accessed 3/2013) and the Los Alamos HIV Sequence Database (last 

accessed 02/2014). Clinical data, including CD4+ count, sampling geographical regions, 

and treatment status, were collected from the literature, public databases, and through 

communication with publication authors. HAND diagnosis methodologies varied 
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according to study. Post-mortem methodologies included evaluation of HIV-1 individual 

clinical history [26, 47-50] and neuropathological examination of brain tissue at autopsy 

[26, 32, 46-53], and pre-mortem assessments included use of the American Academy of 

Neurology Task Force dementia rating scale [47, 54], the Memorial Sloan-Kettering scale 

[55], and derivation of a mean deficit score from specialized HIV-related 

neuropsychological deficit tests [56]. 

Sequence and clinical data were compiled into a MySQL-based database (MySQL 

v.5.6.17). All sequences were processed through the LANL Quality Control pipeline [57] 

and checked for vector contamination using BLASTn [58]. A hypermutation analysis 

[59] was performed to exclude unusual sequences that would bias phylogenetic analyses. 

We also performed a jpHMM-based recombination study to examine genotyping quality 

[60]. To normalize sequencing depth by individual, and to remove individual-specific 

bias, one sequence per tissue per individual was selected for further analysis. For 

individuals with multiple sequences per tissue, the sequence most representative of each 

tissue was selected using the following two criteria. First, selected sequences needed to 

be, at minimum, 300 nucleotides in length. Second, a consensus sequence was developed 

per tissue per individual, and from those sequences that met the minimum length 

requirement; the sequence with the smallest Hamming distance to its tissue-specific 

consensus sequence was selected for further analysis [61].  

 

2.3.2 Phylogenetic analysis 

 Sequences selected using the procedure above were aligned with well-

characterized HIV subtype reference sequences [57]. Alignments were refined through 
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use of the HIV-1 N-linked Glycosylation Site Analyzer tool [62], allowing us to maintain 

each sequence’s glycosylation signature by keeping variable loop regions as long as 

possible. Alignments were next manually edited using SeaView alignment software [63]. 

A maximum likelihood phylogenetic tree [64], using the Generalised Time-Reversible 

DNA sequence evolution model, was generated for 93 env sequences spanning HXB2 

[GenBank: K03455] nucleotide positions 6737 to 7640. Selection of this region for 

phylogenetic analysis allowed a balance between number of individuals sampled and 

sequencing depth. Evolutionary model selection for this specific subset of sequences was 

conducted using the FindModel algorithm [57]. 

 

2.3.3 Sequence diversity analysis 

 F84 evolutionary distance between each sequence and its corresponding subtype 

reference was used as our diversity measure. A Shapiro-Wilks test was performed to 

determine whether a sequence set was normally distributed, and a Wilcoxon rank sum 

test with continuity correction was used to test for significance between tissue types, and 

between HAND and non-HAND individuals. For tissue comparisons involving more than 

one tissue group, a one-way ANOVA was performed, followed by Tukey’s HSD when 

applicable. All statistical tests were performed using R [65]. Co-receptor usage per env-

spanning sequence was predicted using Geno2pheno [coreceptor] [66], and predicted 

counts were tested for significance across individual groups using a chi-squared double 

classification test.  
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2.3.4 HAND-associated signature analysis and mapping 

Shannon entropy values were calculated for residues in the HXB2 amino acid 

range 123 to 472. This range provided us the largest amount of sequence coverage 

allowable by our dataset. Significant differences between HAND and non-HAND 

sequences were tested using the Entropy-Two program [57], and parameters included use 

of amino acid class equivalents in entropy calculation and a statistical confidence value 

derived through a Monte Carlo randomization strategy with replacement, followed by use 

of the Bonferroni correction methodology to correct for family-wise error rate. Of note, 

our decision to use amino acid class equivalents provided a more conservative estimate of 

significant sites through grouping of amino acids by chemical similarities. HAND-

associated signatures were selected using two significance level cutoffs, p < .05 and p < 

.005. In addition, frequency values for HAND and non-HAND consensus amino acids 

were calculated using the LANL tool, Viral Epidemiology Signature Pattern Analysis 

(VESPA) [57]. 

All significant positions (p < .05) obtained from our Shannon Entropy analysis 

were mapped using the Polyview-3D tool [67], onto the PDB Env structure 4NCO [68] as 

a reference protein structure. A multiple amino acid sequence alignment between 4NCO, 

HXB2, our HAND consensus, and our non-HAND consensus was performed using the 

Clustal Omega tool with default options [69-71]. This alignment provided us a one-to-

one mapping between amino acids of interest and the 4NCO Env scaffold. 
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2.3.5 Drug resistance sites analysis 

 HAND-associated amino acid residues were checked against known CTL, T-

helper, and antibody epitope sites obtained from the Los Alamos HIV Molecular 

Immunology Database [72]. In addition, all sequences were screened for drug-induced 

epitopes using the Stanford University Calibrated Population Resistance tool and the 

HIVdb Genotypic Resistance Interpretation Algorithm [73-75].  

 

2.4 Results  

2.4.1 Dataset characteristics 

 In total, we collected information on 5,783 neurocognitive disorder related HIV-1 

sequences, representing a total of 163 unique individuals, including individuals both with 

and without HAND. All records are maintained and publically accessible in a MySQL 

database (v.5.6.17). Sample geographical region information was available for 156 

individuals, with the top three regions being North America (60%), Europe (25%), and 

Asia (6.4%) (Table 2.1). Database sequences were derived from twenty different tissue 

types, the top three tissues being brain (47%), lymph node (14%), and CSF (7%). 

Additionally, five HIV-1 genes were represented in our dataset, gag, pol, env, tat, and 

nef, with the majority of coverage in the gp120 region of the env gene (Figure 2.1).  
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Table 2.1 Distribution of individuals sampled, across geographical region, risk 

factor, and HAND status 

 Non-HAND HAND Unknown HAND 
North America    
Unknown Risk Factor 37 46 2 
IV Drug Use 1 2  
Sexual Transmission 1 4  
    
Europe    
Unknown Risk Factor 15 4  
IV Drug Use  11 3 
Sexual Transmission 1 2 2 
Blood Transfusion  1  
    
Asia    
Unknown Risk Factor 2 2  
Blood Transfusion 6   
    
Oceania    
Unknown Risk Factor 1   
Sexual Transmission  5  
    
Sub-Saharan Africa    
Unknown Risk Factor 8   
    
Unknown Geographical Region    
Unknown Risk Factor  7  
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The majority of sequence data were from samples from individuals in North America 

with unknown risk factors. HIV-1 individual data were obtained from the LANL HIV 

sequence database, relevant literature, and through communication with publication 

authors. Of note, the unknown risk factor category included the literature-derived 

notations, “Unknown”, “Not Recorded”, and “Not Available”. 
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Figure 2.1 Sequencing depth of HAND and non-HAND data 

HIV-1 genome coverage as represented by HAND and non-HAND sequence data 

showed the HIV-1 env gene as the genomic region with the greatest amount of sequence 

data available. The top panel displays sequencing depth across the HXB2 reference 

sequence. The sequence coverage plot in grey represents HAND data, and the sequence 

coverage plot in black represents non-HAND data. The bottom panel displays HIV-1 

gene location across the HXB2 reference sequence. 
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 We obtained sequence information for 84 unique HAND individuals. Among 

those, 24 individuals had gender information available, with 12.5% females and 87.5% 

males. 34 HAND individuals had age information, and their ages ranged from 19 to 63 

years, with 56% of individuals between the ages of 40 to 59 years. Information on HAND 

type, the specific neurocognitive disorder affecting the HAND individual, was also 

collected, and the top three HAND types were HIV dementia (49%), HIV encephalopathy 

(42%), and AIDS dementia complex (5%), using literature-reported diagnoses. Non-

HAND individuals represented 45% of our database, and served as a key control group. 

Of the 38 non-HAND individuals with gender information available, 32% were females 

and 68% were males. Age information was available for 53 non-HAND individuals, and 

their ages ranged from 23 to 63 years, with 87% of non-HAND individuals between the 

ages of 30 to 49 years. 

 To ensure sequence genotyping quality and to exclude a recombinant signal in 

downstream phylogenetic analyses, database sequences longer than 300 nucleotides in 

length and with a hypermutation p-value of 0.05 or greater were screened using JPHMM. 

This analysis revealed recombinant sequences not reported in our data sources. Non-

recombinant sequences remained the same between our genotyping result and that of the 

literature, and 79% of all JPHMM-tested sequences were of the pure B subtype.  

  In sum, our manually curated HAND database was constructed through a 

comprehensive search for HAND-related reports, resulting in the largest available HAND 

sequence dataset as of October 2014. In addition, both sequence and clinical data were 

validated through data source reconciliation and HIV-1-specific analyses, as detailed 

above. 
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2.4.2 Phylogenetic analysis 

 Our phylogenetic analysis focused on the env gene, as it had the greatest 

sequencing depth among our database genes (Figure 2.1). Env sequences clustered 

primarily by individual as revealed by phylogenetic analysis (Figure 2.2). Intra-

individual sequences, regardless of potential tissue compartmentalization, were 

homogeneous, as supported by 100% or nearly 100% bootstrap values. Env sequences did 

not cluster by tissue, and HAND status had only a minimal clustering effect, as evidenced 

by bootstrap values greater than 80% grouping HAND individuals 12, 13, and 14 (Figure 

2.3). 
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Figure 2.2 Phylogenetic tree of env region sequences 

Phylogenetic analysis of env region sequences indicated clustering primarily by 

individual. Maximum likelihood phylogenetic trees using the Generalised Time-

Reversible DNA sequence evolution model were generated for an alignment of env 

sequences spanning the HXB2 nucleic acid coordinates 6737 - 7640. These alignments 

included 2008 HIV LANL subtype reference sequences, and in addition, alignments were 

refined through use of the HIV-1 N-linked Glycosylation Site Analyzer tool [62]. 

Asterisks indicate bootstrap values greater than 75%, and do not apply to reference 

sequence clustering. Sequences from HAND individuals are labeled with an “[H]” 

following the patient number.  
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2.4.3 Sequence diversity analysis 

 An F84 distance analysis was employed as a means to understand effects of brain 

compartmentalization and HAND status on viral evolution. Testing of individuals with 

known treatment history across HAND status revealed no difference in either range or 

level of diversity (Figure 2.3a, top). Testing of treated-only individuals across HAND 

status, however, indicated lowered diversity in HAND individual sequences (p = 0.173) 

(Figure 2.3a, bottom). While non-brain sequences exhibited a smaller range in diversity 

range as compared to brain sequences, no significant difference in diversity was found 

between brain and non-brain sequences (Figure 2.3b). Inclusion of untreated individuals, 

however, did result in an increase in diversity range in brain sequences. 
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Figure 2.3 F84 env region sequence diversity by treatment and across HAND status 

and sample tissue 

F84 diversity for sequences throughout the HIV-1 genome indicated no significant 

difference between brain sequences and non-brain sequences, as well as no significant 

difference between HAND and non-HAND sequences. (a) The top two panels compare 

diversity between individuals for whom we had treatment history available including 

individuals that had and had not been treated for HIV-1, but not individuals with 

unknown treatment history. The left-hand plot tests effect of HAND status type (Wilcox 
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test p-value = 0.5992), and the right-hand plot tests effect of tissue type (Wilcox test p-

value = 0.9303). (b) The bottom two panels compare diversity only between individuals 

that had received HIV-1 treatment. The left-hand plot tests effect of HAND status type 

(Wilcox test p-value = 0.1689), and the right-hand plot tests effect of tissue type (Wilcox 

test p-value = 0.173).  
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 We additionally tested the validity in use of cerebrospinal fluid (CSF) viral 

sequences as proxies for brain-derived sequences [36] through a comparison of diversity 

range and level across the three tissue types, brain, blood and CSF (Figure 2.4). We 

performed two diversity analyses, one with treated individuals only and one with treated 

and non-treated individuals combined. In both analyses, CSF sequences were found to 

have a significantly lower level of diversity as compared to both blood sequences and 

brain tissue sequences (One-way ANOVA p = 0.0001, and p = 0.0003 respectively). 

Brain sequences also had a much larger range of diversity values when compared to both 

CSF and blood sequences (Figure 2.4). 
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Figure 2.4 F84 env region sequence diversity by sample tissue types, blood, brain, 

and cerebrospinal fluid 

Compartmentalization analysis showed significantly lowered diversity in cerebrospinal 

fluid (CSF) sequences as compared to either brain or blood sequences. Blood and brain 

sequences did not differ significantly from one another. The left panel compares only 

individuals for whom we had treatment history available including individuals that had 

and had not been treated for HIV-1, but not individuals with unknown treatment history 

(One-way ANOVA p-value = 0.0003, Tukey HSD for blood and CSF: p-value = 0.0005, 

for brain and CSF: p-value = 0.002, and for brain and blood: p-value = 0.815). The right 

panel compares only individuals that had received HIV-1 treatment (One-way ANOVA 

p-value = 0.0001, Tukey HSD for blood and CSF: p-value = 0.00007, for brain and CSF: 

p-value = 0.021, and for brain and blood: p-value = 0.127). 
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 Overall, we observed no significant difference between non-HAND and HAND 

sequences and no significant difference between brain and non-brain sequences in terms 

of diversity. There were, however, indications of HAND-associated differences in both, 

our phylogenetic analysis and our diversity analysis. When comparing diversity by 

HAND status in treated patients only, we found diversity to be lower in HAND 

sequences as compared to non-HAND sequences (Figure 2.3a, bottom). In addition we 

found a highly significant difference in sequence diversity between brain, blood and CSF 

samples. Compared to both brain and blood sequences, CSF sequences exhibited a 

significantly lowered level of diversity.  

 

2.4.4 Co-receptor usage analysis 

 The Geno2pheno coreceptor tool was used to predict viral co-receptor usage, 

either CCR5 or CXCR4, based on genomic information available in the V3 loop of the 

env gene. In total, we had information on both HAND status and co-receptor usage for 

130 env-spanning sequences (Figure 2.5). We found no significant association between 

HAND status and co-receptor usage (X2 = 0.237, employing one degree of freedom, less 

than the tabulated X2 value for p = 0.05), suggesting a fixation of co-receptor usage 

independent of HAND presence. 



 

69 

 

Figure 2.5 Sequence co-receptor usage distributions across HAND status 

The majority of sequences exhibited CCR5 co-receptor usage. HAND status, however, 

was not found to be associated with co-receptor usage, with both CXCR4 and CCR5 

usage almost evenly split between HAND and non-HAND sequences. 
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2.4.5 HAND-associated signature analysis and mapping 

 We utilized Shannon Entropy to calculate the probability that the presence of a 

particular amino acid residue at a particular position within the env gene was associated 

with HAND status. The results of this analysis identified amino acid positions in the env 

region, from both brain and non-brain tissues combined, which differed significantly 

between HAND and non-HAND sequences. Shannon entropy values were calculated for 

350 consecutive amino acid residues spanning regions V1 - V5 of the env gene (Figure 

2.6). This area was selected due to its having the greatest sequencing depth in our 

database. As compared to a recent and high-throughput study locating HIV-1-associated 

dementia amino acid residues [43], our database allowed us to examine over three times 

the env region for HAND-related residues (Figure 2.7). At a significance level of p < 

0.05, 67 amino acid residues differed significantly between HAND and non-HAND 

sequences (Figure 2.8). Of those, 26 HAND-associated amino acids remained significant 

at p < 0.005. Of note, we found five occurrences of 3 - 4 consecutive amino acid changes 

significantly associated with HAND at p < 0.05. In the V1 loop, four consecutive amino 

acid residues (HXB2: 149-152) were found to be significantly associated with HAND, 

and three of them were also significant at p < 0.005. Three consecutive amino acid 

changes (HXB2: 172-174) were found in the V2 loop, one of these at p < 0.005. Both, a 

four amino acid signature (HXB2: 266-269) and a three amino acid signature (HXB2: 

281-283) were found between the V2 and V3 loops, each with one residue supported at p 

< 0.005. Finally, a three amino acid signature (HXB2: 335 - 337) was found between the 

V3 and V4 regions, with one residue also supported at p < 0.005.  
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Figure 2.6 Area of the HIV gp120 trimer tested for HAND-associated amino acids in 

current study 

The genomic area tested for HAND-associated amino acids in current study, as shown on 

the 4NCO PDB HIV gp120 model [68], and indicated in blue. 



 

72 

 

Figure 2.7 Area of the HIV gp120 trimer tested for HAD-associated amino acids in 

prior high-throughput study 

The genomic area tested for HAD-associated amino acids in the recent high-throughput 

study by Holman et al. [43], as shown on the 4NCO PDB HIV gp120 model [68]. We 

selected this study as it made use of the recently developed HIVBrainSeqDB Database 

[80]. Genomic regions tested by Holman for HAD-associated amino acids are shown in 

blue. 
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Figure 2.8 Area of the HIV gp120 trimer significantly associated with presence of 

HAND in current study 

Genomic regions found to be significantly associated with HAND at p < 0.05 in current 

study are shown in blue. 
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 Overall, HAND-associated amino acid changes were found in all five V loop 

regions, as well as in the C2 - C5 regions. In addition, we observed a higher rate of 

HAND-associated significant amino acid changes in the V loops as compared to the C 

regions, with rate equal to the number of HAND-associated amino acids found in a 

specific region over the total number of amino acids in that region. In the V loop region, 

the incidence rate of HAND-associated amino acids was 0.219, and in the C region this 

rate was 0.17 (Table 2.2).  

 HAND-associated amino acid residues were checked against known CD8+, CD4+ 

and antibody epitope positions defined by the Los Alamos HIV Immunology Database. 

We found all HAND-associated amino acids coincided with at least one epitope type 

(Table 2.2): 10 signatures coincided with CTL/CD8+ epitope sites as reported in the 

best-defined HIV CTL/CD8+ epitope list [76]; 59 signatures coincided with Los Alamos 

Database reported T-helper CD4+ epitopes; and 50 HAND signature amino acids with 

Los Alamos reported antibody epitopes.  
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Table 2.2 Amino acid residues significantly associated with HAND status
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Sixty-seven amino acid positions were found to be significantly associated with HAND 

status at p < 0.05. HXB2 positions labeled with an asterisk were additionally significant 

at p < 0.005. Consensus amino acids are shown along with their frequency. Statistical 

significance values reported for positions significant at p < 0.005 were calculated using 

1,000 randomization with replacement. Statistical significance values reported for all 
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other positions were calculated using 100 randomizations with replacement. CD8+ and 

CD4+ epitopes and antibody epitope positions were derived from epitope summary tables 

as provided through the Los Alamos HIV immunology database [70]. For CD8+ T cell 

epitopes we used best-defined HIV CTL/CD8+ epitopes [76].  
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2.4.6 Drug resistance sites analysis 

 All database sequences were screened for potential drug resistance mutations in 

the reverse transcriptase and protease genomic regions, using the HIVdb Genotypic 

Resistance Interpretation Algorithm. We found 41 sequences with at least one of three 

drug resistance mutations tested for: protease inhibitor (PI) surveillance drug-resistance 

mutations (SDRM), nucleoside reverse transcriptase inhibitor (NRTI) SDRMs, and non-

nucleoside reverse transcriptase inhibitor (NNRTI) SDRMs (Figure 2.9). In all, we 

identified 67 HAND-associated amino acid positions, including 56 novel sites that may 

render drug resistance in different tissues (Figure 2.8). 
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Figure 2.9 Surveillance drug resistance mutation distributions across mutation type 

and tissue sampled 

Surveillance drug resistance mutations were found in sequences from cerebrospinal fluid 

(CSF), brain, and plasma samples, with the majority from plasma. Drug resistance 

mutation type was almost evenly split between the three categories, protease inhibitor 

(PI), nucleoside reverse transcriptase inhibitor (NRTI), and non-nucleoside reverse 

transcriptase inhibitor (NNRTI). 
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2.5 Discussion  

 In this study we developed and analyzed a viral sequence database dedicated to 

HIV-1-associated neurocognitive disorders (HAND), a common complication occurring 

in HIV-1 infected individuals [8]. Our well-curated database allowed us to examine viral 

trajectory under HAND conditions in an unprecedented manner. First, with the biggest 

sample size to date (5,783 sequences from 163 patients, derived from a comprehensive 

database and literature search), we were able to address prior HAND research 

discrepancies with greater statistical power. Second, while the majority of existing 

HAND research has focused on its most severe manifestation (HIV-1-associated 

dementia, usually referred to as clinical endpoint), our database enabled tracking of viral 

changes from individuals across the complete HAND spectrum. As the incidence rate of 

milder forms of HAND continues to increase, this ability is instrumental toward the 

identification of potential viral signatures along HAND stages. 

 In our search for HAND sequence signatures, we also accounted for HIV-1 

specific characteristics, including elimination of sequences that have undergone 

recombination and hypermutation events that would bias phylogenetic analyses, and 

maintenance of N-linked glycosylation site information, sites critical for viral function 

but often deleted from variable loop analyses due to alignment difficulty. In addition, we 

increased the statistical power of our analyses by removing subject-specific biases 

imposed by unequal sampling of individuals, and across the genome.  

 Our search for HAND-associated sequence signatures focused on the HIV gp120 

region, due to its role in macrophage tropism and viral replication, and as our dataset 

provided us a robust control group in this region with which to measure our HAND data 
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against. We identified 67 amino acid residues (56 novel sites) significantly associated 

with HAND (p = 0.05) (Table 2.2). A higher rate of HAND-associated changes was 

observed in the variable regions (V1 – V5) as compared to the conserved regions (C1 – 

C5), in line with the critical role of variable loops in viral pathogenesis [77].  

 In addition to our finding of novel positions associated with HAND (Figure 2.7 

and Table 2.2), our study also confirmed prior HAND and HAD signatures. For 

example, position HXB2 300, a residue first discovered by Pillai et al. to be a strong 

predictor of global deficit scores [36], was found to be associated with HAND, in 

general, in our study. At this position we found the polar and uncharged asparagine as 

both the non-HAND (0.553 N) and HAND (0.902) consensus. We additionally obtained 

results that differed from prior research. For instance, two HAD-associated signatures 

identified by Power et al., HXB2 308 and 333, were not found to be HAND-associated in 

our study [41]. In line with our results, Holman et al. also failed to find an association 

between HXB2 333 and HAD [43]. Such differences may be due to increased sample size 

and control group.  

 Our diversity analysis of brain-derived, env-spanning sequences showed lower 

levels of viral diversity in HAND sequences as compared to non-HAND sequences. This 

result, which may point to constraints on viral replication specific to the HAND brain 

environment, should be interpreted with caution. Prior reports have noted potential 

interactions between the brain environment and host variables including disease stage and 

level of neurological impairment [78, 79]. This analysis also revealed sequence diversity 

to increase in range and amount with the inclusion of non-treated individuals, particularly 

the case for brain-derived sequences (Figure 2.3b). Interestingly, cerebrospinal fluid 
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(CSF), frequently used as a tissue proxy for surrogating viruses in the brain, was shown 

in this study as having a significantly lower and narrower amount of genetic diversity as 

compared to either brain or blood sequences, thus challenging the role of CSF in HAND 

diagnosis. 

The domain of HAND research, including our study, is largely limited by 

sampling procedures in which certain geographical populations, including those from 

Sub-Saharan Africa and Asia, are not well represented, and by insufficient clinical 

information for HAND classification. Furthermore, a still relatively small brain sample 

size has generated discrepancies between studies in terms of viral genetic change 

discovery. Finally, using retrospective data, we were also limited in our ability to make 

comparisons between subtypes and to explore regions beyond the env gene. Indeed, a few 

discoveries of HAND-associated amino acid residues have been made outside of the env 

gene, including HAD signatures in the HIV-1 nef gene, and evidence of subtype 

influence on HAND status has been found, but we could not find sufficient HAND and 

non-HAND data to test these two additional aspects [20, 21, 45].  

 

2.6 Conclusion  

The creation of a well-curated and comprehensive HAND database and research 

pipeline as described here has expanded our study accuracy and improved the power of 

our analyses through careful consideration of HIV-1-specific attributes and potential 

dataset biases, as well as through use of an enlarged dataset. Our findings of novel 

signatures point to a still incomplete picture of viral evolution within the HAND brain, 

and there remain genes beyond env that may also exhibit HAND signatures, not yet 
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detectable with current sample sizes. To this end, we have made our database publically 

available for continued exploration by other researchers of viral evolution in the HAND 

individual. 
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3.1 Abstract 

Background: Despite an augmented research effort and scale-up of highly active 

antiretroviral therapy, a high prevalence of HIV-1-associated neurocognitive disorders 

(HAND) persists in the HIV-infected population. Nearly 50% of all HIV-1-infected 

individuals suffer from a neurocognitive disorder due to neural and synaptodendritic 

damage. Challenges in HAND research, including limited availability of brain tissue 

from HIV patients, variation in HAND study protocols, and virus genotyping 

inconsistency and errors, however, have resulted in studies with insufficient power to 

delineate those molecular mechanisms underlying HAND pathogenesis. There exists, 

therefore, a great need for a reliable and centralized resource specific to HAND research, 

and in particular, in epidemiological study and surveillance in resource-limited countries 

where severe forms of HAND persist. Description: To address the imperative need 

mentioned above, here we present the HAND Database, a resource containing well-

curated and up-to-date HAND virus information and associated HIV-infected individual 

data. This database provides information on 5,783 non-redundant HIV-1 sequences from 

global HAND research published to date, representing a total of 163 unique individuals 

that have been assessed for HAND. A user-friendly interface allows for flexible 

searching, filtering, browsing, and downloading of data. The first of its kind in the field, 

the HAND Database not only bolsters current HAND research by increasing sampling 

power and reducing study biases due to protocol variation and genotyping inconsistency, 

it allows for comparison between HAND studies across different dimensions. 

Development of the HAND Database has also revealed significant knowledge gaps in 

HIV-driven neuropathology. These gaps include inadequate sequencing of viral genes 
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beyond env, lack of HAND viral data from HIV epidemiologically important regions 

including Asian and Sub-Saharan African countries, and biased sampling toward the male 

sex, all factors that impede efforts in improving the quality of life of HIV-infected 

individuals, and in eliminating virus in the brain. Conclusion: Our aim with this database 

is to provide researchers in the HIV and neuroscience fields a comprehensive and 

rigorous data source toward both, a better understanding of viral compartmentalization 

and enhanced design development of strategies against HAND virus. We also expect this 

resource to be useful as a reliable reference for further HAND epidemiology studies. The 

HAND Database is freely available and accessible online at 

http://www.handdatabase.org. 

 

3.2 Background 

Human immunodeficiency virus (HIV)-associated neurocognitive disorder 

(HAND) occurs due to damage to neurons and synapses by viral protein products and by 

a chemokine/cytokine imbalance in the brain, a pro-inflammatory response to HIV 

infection of macrophages and microglia [1-3]. HIV entry into the brain is an early event 

following infection [4], and presence of the blood brain barrier greatly limits entry of 

antiretroviral therapy into the brain. Our ability to control viral levels within and viral 

damage to the HIV-infected brain, therefore, remains highly limited. While the 

introduction of highly active antiretroviral therapy (HAART) brought about a decrease in 

the incidence of the most severe forms of HAND, i.e., HIV-associated dementia, the 

prevalence of milder forms has continued to increase [5-7]. In the recent CNS HIV Anti-

Retroviral Therapy Effects Research Study, nearly 50% of all HIV-1 individuals 
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exhibited some form of HAND, including deficits in motor function, verbal fluency, 

learning, memory, and attention [8]. HAND individuals experience difficulty performing 

day-to-day tasks, are less likely to adhere to medical treatments and other HIV-1 

prevention practices, and ultimately suffer from a threefold increased risk of death as 

compared to a mentally healthy HIV-1 individual [9]. In addition, in resource-limited 

countries, the most severe forms of HAND continue to devastate the mental health of 

HIV individuals [9]. 

Delineating the underpinning molecular mechanisms of HAND development is 

critical to providing HIV-infected individuals an elevated quality of life, as well as 

toward clearance of virus repertoire in the brain. Research in this area, however, has been 

largely limited by availability of samples from both the brain and from HAND-assessed 

individuals. In addition, a need to understand HAND progression across an HIV 

individual’s lifespan, coupled with difficulty in obtaining samples, has made 

cerebrospinal fluid (CSF) sampling a surrogate endpoint for assessing HAND 

development [10]. Both small sample sizes and indirect CSF inference have made it 

difficult to uncover a true, yet complex, interaction between viruses and the brain. 

Furthermore, variations in study methods and result interpretations have also confounded 

HAND studies, leading to conflicting findings in the field. To address these issues, there 

exists a great need for a reliable resource, with adequate sample size, for HAND research.  

To this end, we have developed such a centralized HAND Database based on all 

HAND studies published up to date. This resource database is freely accessible at: 

http://www.handdatabase.org. The HAND Database, the first of its kind, contains well-

curated HAND virus information, epidemiology sampling data, patient clinical status, 
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and therapy treatment information. All information was cross-validated from multiple 

resources, including the literature, GenBank entry, and author contact. Furthermore, all 

viral sequences have undergone stringent quality control examination, including 

genotyping validation, in order to minimize genotyping errors frequently seen in HIV 

subtype-based studies [11].  

The only other published HIV database related to brain tissue, the HIV Brain 

Sequence Database [12], contains HIV env sequences from brain tissue, as well as from 

other tissues in patients with brain samples. In contrast, our database contains HAND-

specific information with regard to virus sequences, genome coverage beyond env, and 

detailed epidemiology sampling information, clinical data, and treatment status, all 

factors important to the study of HAND pathogenesis. A comprehensive collection of 

curated HAND HIV information, our HAND Database is a centralized gateway to HIV-

associated neurocognitive disorder research. 

 

3.3 Construction and content 

3.3.1 Data sources 

An extensive literature review was conducted to develop a comprehensive set of 

HAND-related research articles, from which we were then able to extract sequence data 

from HAND-assessed individuals. This literature search resulted in the use of data from 

41 published studies. Publically available HIV-1 sequence data were collected from 

GenBank (last accessed 3/2013) and the LANL HIV sequence database (last accessed 

2/2014) [13, 14]. HIV-1 individual sampling and clinical information, as well as 
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treatment status, was collected from the relevant literature, from the two databases 

mentioned above, and through communication with publication authors. 

 

3.3.2 Sequence and clinical data filtering  

All collected sequence data were validated through a series of quality control 

steps. We first employed the LANL quality control pipeline to check for potential 

problematic viruses with sequencing errors [13]. Amplification contamination was 

detected using BLASTn (v. 2.2.26) [15]. In addition, data regarding epidemiology 

sampling, and clinical and treatment status were cross-referenced whenever available in 

more than one of the resources listed above.  

 

3.3.3 Genotyping analysis  

Genotyping of HIV sequence data is frequently inconsistent and prone to errors 

[11]. Therefore, all filtered HIV sequences were re-genotyped. Here we applied the 

jumping profile Hidden Markov Model genotyping program (jpHMM) for which 

genotyping accuracy is proven [16-18]. In brief, following a hypermutation analysis [13], 

sequences greater than 300 nucleotides in length and with a hypermutation p-value of 

0.05 or greater were subject to genotyping.  

 

3.3.4 Database schema 

The HAND Database was constructed using the relational database management 

system MySQL (v.5.6.17). MySQL was chosen for its ease of use, its high reliability, and 

as it is freely available. HIV-1 sequence and clinical data were compiled into one flat file, 
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with annotations divided into three major categories: sequence and sequence descriptor 

data, HIV-1 patient descriptor data, and sample descriptor data (Table 3.1). Sequence 

data included the HIV-1 nucleotide sequence, sequence accession number, sequence 

genotype information, and sequence length. Epidemiology data included the geographical 

location and year at time of sampling, as well as tissue sampled. Patient data at time of 

sampling included patient age, risk factor, health status, CD4+ count, viral load, HIV 

treatment information (treatment status, and when applicable, treatment type and 

duration), and HAND information (HAND status, the presence or absence of HAND, and 

when applicable, HAND type).  
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Table 3.1 Overview of database annotations 

Category Annotation Example Explanation 

Patient Patient Code SUBJECT_4 

The originating publication 

ID for this patient was 

“SUBJECT_4” 

Patient Patient HAND Status 
HIVE + 

ADC 

This patient had two forms 

of HAND: HIVE and ADC 

Patient Patient Sex m This patient was male 

Patient Patient Risk Factor 
IV Drug 

User 

This patient may have 

contracted the HIV virus 

through IV drug use 

Patient 
Patient Viral Load At 

Sampling 
unknown 

Information on this patient’s 

viral load at time of sampling 

could not be found 

Patient 
Patient CD4+ Count At 

Sampling 
5 mm3 

This patient had a CD4+ 

count of 5 mm3 at time of 

sampling 

Patient 
Patient HIV Therapy 

Status 
AZT 

This patient had received 

AZT therapy prior to 

sampling 
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Patient 
Patient HIV Therapy 

Duration (months) 
20 

This patient had received 

HIV therapy for 20 months 

prior to sampling 

Patient Patient Age At Sampling 29 
This patient was 29 years of 

age at time of sampling 

Patient 
Patient Health At 

Sampling 
AIDS 

This patient had AIDS at 

time of sampling 

Sampling Sampling Country (City) 
Japan 

(unknown) 

This sample was obtained in 

an unknown city in the 

country of Japan 

Sampling Sampling Year 1993 
This sample was obtained in 

the year 1993 

Sampling Sampling Tissue spleen 
This sample was obtained 

from spleen tissue 

Sequence 
Sequence Polyprotein 

(Protein) 
Tat (gp160) 

This sequence segment 

covers the Tat and Gp160 
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Sequence 
Sequence Genotyping 

Information1 
B (B) * 

This sequence was listed by 

the originating data source as 

a B subtype sequence. 

JPHMM testing confirmed 

this subtype. Recombination 

testing detected 

recombination events in this 

sequence. 

Sequence 
Sequence Accession 

Number 
U82096 

The sequence accession 

number for this sequence is 

U82096 

Sequence HIV Sequence cccaaat… 

The nucleotide sequence for 

this sequence entry is 

“cccaaat…” 

Sequence 
Sequence Length 

(nucleotides) 
150 

This sequence segment is 

150 nucleotides in total 

length 

 

1The sequence genotyping annotation provides genotyping and recombination 

information in the following format: Subtype as reported in the original source material 

(Subtype as reported by JPHMM testing) Recombination information. Additional 
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symbols used in this annotation include: "#" = not tested due to short length of sequence, 

"*" = p < 0.05 for recombination test, "(No)" = p > 0.05 for recombination test. 
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3.4 Utility  

3.4.1 Database access and web query interface 

The HAND Database has been developed into a publically available, web 

accessible resource. The database website provides a home page with background 

information on HAND, as well as a help page to assist in database navigation (Figure 

3.1). The database allows for easy querying and downloading of user-defined data 

subsets. Researchers can perform a simple search using a keyword, or employ multiple 

column filters for a custom-made data subset. Selected entries can subsequently be 

downloaded into a variety of formats at the user’s discretion. Additional features include 

sorting by annotation of interest, as well as an option for viewing the complete record for 

any given entry. 



 

108 
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Figure 3.1 HAND database search interface  

The HAND Database provides flexible searching, filtering, and browsing capabilities. 

Sequence entries and annotations of interest can be exported into a variety of file formats 

for further use. 
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3.4.2 Database content 

The HAND Database currently contains 5,783 HIV-1 sequences, representing a 

total of 163 unique individuals assessed for HAND status. For the 87 individuals with age 

information available, ages ranged from 19 to 63 years, with the largest proportion of 

individuals between 30 to 49 years (69%) (Figure 3.2). Gender information was available 

for 64 individuals, the majority of who were males (77%). HAND status, the absence or 

presence of HAND, was obtained for almost all database individuals (96%), and 

indicated a close split between non-HAND (44%) and HAND (52%) patients. The top 

three reported HAND types in HAND-positive individuals were HIV-1 dementia (54%), 

HIV-1 encephalopathy (35%), and AIDS dementia complex (8%) (Figure 3.3). HIV 

treatment status information, whether or not an individual had received HIV treatment 

prior to sampling, was available for 67% of individuals, with the majority of individuals 

with treatment information having received some form of treatment (49%); nearly half of 

all treated individuals had received HAART (46%) prior to sampling, while the rest had 

received one or more forms of HIV monotherapy (54%) (Figure 3.4). 
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Figure 3.2 Distribution of HAND database entries by age  

Chart shows age distribution across all database individuals. Individuals for whom these 

data were not available were excluded. 
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Figure 3.3 Distribution of HAND database entries by HAND status and HAND type 

The top chart shows distribution of HAND status across all individuals, and the bottom 

chart shows distribution of HAND type for those individuals for whom we had this 

information available. The majority of database individuals with HAND had HIV-

associated dementia (HAD), followed by HIV-encephalitis (HIVE), AIDS dementia 
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complex (ADC), and minor cognitive-motor disorder (MCMD). HAND type designations 

are as we found to be reported in the literature, and for some individuals, more than one 

HAND type had been assigned. 
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Figure 3.4 Distribution of HAND database entries by HIV therapy status and HIV 

therapy type  

The top chart shows distribution of HIV therapy status across all individuals, and the 

bottom chart shows distribution of HIV therapy type for those individuals for whom we 

had this information available. Therapy type designations are as we found to be reported 

in the literature, and for some individuals, more than one HIV therapy type had been 

assigned.  
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Geographical region sampling information was available for 156 patients, with 

the top three regions being North America (60%), Europe (25%), and Asia (6.4%) 

(Figure 3.5). Samples were derived from 20 different tissue types, the top three tissues 

being brain (47%), lymph node (14%), and CSF (7%).  

Five HIV-1 genes were represented in our database, gag, pol, env, tat, and nef, 

with the majority of sequence coverage in the env gene (Figure 3.6). This result was 

expected due the known role of env in macrophage tropism, viral replication, and 

activation of pro-inflammatory responses toward neuronal injury [19-21]. Of all archived 

sequences, 79% of sequences that underwent genotyping validation were of the pure B 

subtype, and all non-recombinant sequences were confirmed as correctly reported in the 

literature. Sixteen sequences were found to have undergone recombination events not 

reported in either the source literature or databases.  
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Figure 3.5 Distribution of HAND database entries by sampling geographical region 

Chart shows sampling geographical region distribution across all samples. Individuals for 

whom these data were not available were excluded. 
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Figure 3.6 HAND database HIV-1 genome coverage and sequencing depth 

The top panel displays HAND Database sequencing depth across the HXB2 reference 

sequence, and the bottom panel displays HIV-1 gene location across the HXB2 reference 

sequence. HXB2 accession number: K03455.  
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3.5 Discussion 

Despite increased HAND research and treatment efforts, the persistent prevalence 

of HAND continues to pose a great challenge to the HIV research and patient 

communities. Investigation in this area is limited by small sample sizes, primarily due to 

difficulty in obtaining tissue samples, and by variation in study protocols and result 

interpretation. Furthermore, errors and inconsistency in HIV genotyping compound the 

complexity in delineating viral mechanisms involved in HIV neuropathology. The 

HAND Database described here serves to narrow these research gaps and addresses the 

need for a reliable and centralized HAND data source for advanced research purposes.  

The HAND database contains up-to-date and well-curated HAND virus and 

patient information. All sequence data has been subject to stringent quality control 

examination and genotyping check, therefore laying a solid foundation in the elucidation 

of viral mechanisms driving neuropathology under various epidemiology settings. 

In creating this resource we noted a number of sequencing and sampling biases 

that limit research in the area, and have developed a set of potential research directions 

that may greatly benefit the HAND research community. First, although prior studies 

have indicated the role of multiple HIV proteins, including Nef, Vpr, and Tat [22-29], in 

HAND development, the majority of research in the area has focused on the gp120 

envelope glycoprotein. This sequencing bias is largely due to interest in Env for its roles 

in conferring viral tropism for microglia and macrophage cells [30-33], in non-neuronal 

cell replication [34], and for its potential as an HIV therapeutic target [35] (Figure 3.5). 

A shortage of sequence data beyond the env gene, however, limits our ability to perform 

data-driven HAND research on the complete viral genome, and increasing sequencing 
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efforts in other areas of the genome would provide insight into the role of regulatory and 

accessory proteins in HAND pathogenesis. Second, there is a distinct lack of sequence 

data from HIV epidemiologically important regions including many Asian and Sub-

Saharan African countries (Figure 3.2). Limited access to HAART contributes to an 

increased vulnerability of HIV individuals in these geographical regions to the most 

severe forms of HAND. Recent studies indicate HIV-associated dementia (HAD) affects 

over 25% of HIV individuals in several Sub-Sahara African countries [36-38]. In 

addition, research on HIV-1-individuals in Thailand has greatly contributed to our 

understanding of HAND pathogenesis in treatment-naïve individuals [39]. Finally, we 

noted a bias toward sequencing of male individuals. Research beyond the HIV field has 

implicated gender as playing a role in determining those genetic processes leading to 

neurocognitive deficiencies [40, 41]. A lack of information on HAND females, however, 

will prove an obstacle in determining potential gender differences in HAND 

pathogenesis. 

 

3.6 Conclusion 

Developing a better understanding of mechanisms underlying development of 

neurocognitive disorders is crucial in providing the HIV patient community with a higher 

quality of life, and in prevention of enhanced transmission. Through consolidation and 

validation of data from multiple data sources here we developed the HAND Database, a 

single, intuitive platform from which researchers can launch their high-throughput 

HAND sequencing projects. The HAND database contains up-to-date and curated HAND 

HIV virus and HIV-infected individual information, providing a solid foundation in the 
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elucidation of viral mechanisms driving HIV neuropathology. In particular, we anticipate 

this database will be of great use in increasing HAND research efforts in resource-limited 

countries. We plan to continue expanding the HAND Database as new HAND viral 

sequence data become publically available. 
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CHAPTER 4 

SHARED MOLECULAR MECHANISMS UNDERLYING BRAIN DISEASE 

DEVELOPMENT IN HIV AND GBM 

 

4.1 Background 

4.1.1 Context 

 Human immunodeficiency virus (HIV) has claimed ~39 million lives globally in 

the last three decades [1]. The introduction of highly active antiretroviral therapy 

(HAART), and its ability to decrease viral load in the body, and in turn increase CD4+ 

cell count, has drastically impacted clinical progression and mortality rates in the HIV 

population [2]. Viral suppression by HAART, however, still does little to control viral 

evolution and replication in the brain, as reflected in the nearly 50% of HIV-infected 

individuals with some form of HIV-associated neurocognitive impairment (HAND), due 

to direct damage by HIV to the brain [3]. We are currently challenged by poor 

penetration of HAART through the blood brain barrier (BBB) and into the central 

nervous system (CNS), coupled with the potential for even low levels of HIV-1 in the 

CNS to promote brain damage due to its many indirect neuropathogenic effects [4, 5]. 

 Glioblastoma multiforme (GBM) is the most malignant and most common primary 

brain tumor, accounting for nearly 50% of all central nervous system tumors [6]. It is also 

the most fatal, with an average life expectancy of 14 months [7]. GBM’s aggressiveness 

is, in large part, due to its characteristically high degree of tumor cellularity, its rich 
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angiogenesis [8], and its propensity toward development of chemo-resistance [9]. Despite 

great advances in cancer treatment, including surgical therapy, radiotherapy, and 

chemotherapy, treatment in GBM patients is mostly palliative, prognosis is poor, and no 

current treatment is curative [10].  

 Insight into GBM pathogenesis from public data resources including, for example, 

transcriptomic cancer data through the Gene Expression Omnibus database (GEO), and 

genomic cancer data through The Cancer Genome Atlas (TCGA) [11], has revealed 

GBM to exhibit extensive intra-tumor heterogeneity (i.e., molecular variation between 

tumor cells arising from differentiation of cancer stem cells and from accumulation of 

mutations in malignant cells), with this heterogeneity implicated in treatment failure [12, 

13]. Despite its great cellular variability, distinct GBM signaling pathways have been 

identified as important to its initiation and progression [14] (Figure 4.1). For instance, 

mutation of phosphatase and tensin homolog (PTEN) and amplification of epidermal 

growth factor (EGF), both activate the phosphatidylinositol 3-kinase (PI3K) pathway 

leading to an increase in levels of vascular endothelial growth factor (VEGF) and 

hypoxia-inducible factor (HIF-1α) [15]. Alterations in these pathways are hallmarks of 

primary GBM, a GBM that arises de novo, and these pathways are important in tumor 

cell proliferation, motility, survival, and angiogenesis [16]. Secondary GBM, a GBM 

developing from a lower-grade malignancy, is characterized by tumor protein p53 (TP53) 

mutation and retinoblastoma protein (RB1) loss, proteins crucial in cell cycle regulation 

[17, 18]. An increase in protein kinase B (Akt) activity through the PI3K/Akt pathway 

due to PTEN mutation is common to both primary and secondary GBMs, and results in 

inhibition of apoptosis in the tumor cell [19, 20]. Additionally, a characteristic of both 
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primary and secondary GBM is activation of the RAS pathway [21]. As a regulator of 

cellular signal transduction, RAS proteins are important in cell growth, differentiation 

and proliferation, and constitutively active RAS signaling cascades have been implicated 

in a range of cancers [14, 22]. 
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Figure 4.1 Key genetic and molecular alterations leading to development of primary 

and secondary glioblastoma 

Malignancy in astrocytes and macrophage/microglia cells involves unique genetic 

alterations dependent on cellular development into either primary or secondary 

glioblastoma multiforme (GBM). Key genetic and molecular alterations in primary GBM, 

a de novo malignancy, include increases in epidermal growth factor (EGF), 

phosphatidylinositol 3-kinase (PI3K), vascular endothelial growth factor (VEGF), and 

RAS, and decreases in PTEN and CDKN2A. Alterations in secondary GBM, a 

malignancy developing from a lower-grade lesion, include increases in PI3K, RAS, and 

PDGF/PDGFRα, and decreases in phosphatase and tensin homolog (PTEN), tumor 

protein p53 (TP53), and retinoblastoma protein (RB1). Finally, loss of heterozygosity on 

chromosome 10 is a key genetic alteration observed in both primary and secondary 

GBMs [14, 23]. 
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 Despite a detailed understanding of specific signaling pathways and their roles in 

cancer promotion and pathogenesis, remarkable levels of inter- and intra- tumor 

heterogeneity across the GBM regulatory landscape make development of molecular 

targeted therapies a challenge [24]. For example, use of biopsies to capture and classify 

tumor cell samples typically undermines the genetic complexity of the entire tumor mass, 

particularly in highly heterogeneous tumors, and, subsequently, conventional treatments 

based on this type of sampling only treat or capture a fraction of the tumor mass. In 

addition, intra-tumor heterogeneity may also allow a tumor the increased capacity to 

evade cancer treatments, making initially effective therapies no longer useful upon tumor 

adaptation to treatment [25]. 

 While much knowledge has been gained through the systematic study of the 

glioblastoma multiforme genome and transcriptome, there is more work to be done with 

regard to understanding the spectrum of its aberrant pathways. In this study we propose a 

comparison between two diseases that affect the immune and nervous systems, GBM and 

HIV-1 infection of the brain, as a means of gaining a better understanding of each. Our 

hope is that by drawing from these two bodies of knowledge, we can bridge gaps that 

might not be as obvious through the study of a single disease. We hope that insight 

gained through this comparison will allow for both, enhanced tumor profiling for more 

personalized GBM treatment, as well as an enhanced understanding of the effect of HIV-

1 on the brain toward HAND prevention and treatment. 

 In order to overcome challenges associated with GBM heterogeneity, including 

variable patient response to treatment and an inability of conventional treatment to target 

all forms of GBM, as well as challenges associated with development of neurocognitive 
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disorders in HIV individuals, including limitations presented by the BBB and 

neurotoxicity of both virus and treatment, herein we propose a comparative disease 

approach between HIV infection and GBM. The aim in this comparison is to develop a 

better understanding of shared molecular mechanisms that underlie neuropathogenesis in 

each disease. HIV-acquired immunosuppression results in a significantly higher 

incidence of AIDS- and non-AIDS- related malignancies [26], and as with GBM 

development, the inflammatory response is a key driver of neuropathogenesis in HIV-

infected individuals [27]. Brain tumor, primary central nervous system lymphoma 

(PCNSL), has been well documented in the HIV population and is considered the 

hallmark primary brain tumor in this population; glioma brain tumors, however, are 

rarely observed in the HIV population. A retrospective analysis in 2011 found that 

between the years of 1980 and 2010, only 55 glioma cases worldwide in the HIV 

population had been reported, 19 of those cases of GBM [28]. For 16 out of the 19 

HIV+/GBM+ cases reported, the following patient information is available: median age 

at diagnosis was 38 years of age (range: 19 – 60 years), median CD4+ count at diagnosis 

was 400 cells/mm3 (range: 80 – 610 cells/mm3), median number of years with HIV, prior 

to GBM development, was 4 (range: 0 – 11 years), and the gender distribution was 13 

males to 3 females [29]. While the age at which these patients presented with GBMs was 

younger than typical for GBM presentation in the general population, the increased 

incidence of GBMs in males is in agreement with the GBM gender distribution in the 

general population [6, 30] (Table 4.1).  
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Table 4.1 Clinical information on HIV+ individuals with GBMs 

 

Age at 

Diagnosis* 

(Years) 

Sex 

Years 

with HIV 

prior to 

GBM*  

CD4+ Count at 

Diagnosis* 

(Cells/mm3) 

Survival 

(Months)* 

 

Range 19 – 60 N/A 0 – 11 80 – 610 0 – (>26) 

Median 38 N/A 4 404 3 

Total N/A 
13 Male, 

3 Female 
N/A N/A 

7 (<6 months) 

5 (6 – 12 months) 

4 (>12 months) 

 

Of the 19 documented patients with GBMs, 16 of these cases had information available. 

From the 21 cases outlined in this reference, two cases were removed due to the detected 

tumor being a spinal cord tumor, and not a primary brain tumor. Three additional cases 

were removed from analysis in this reference due to insufficient patient information [29].  

 

*For age at diagnosis, information was available for 15 out of 16 total patients; for years 

with HIV infection prior to GBM diagnosis, data were available for 11 patients; and for 

CD4+ count at diagnosis, data were available for 8 patients.  For survival, the median 

was calculated using data for 13 out of 16 total patients, while the range and total were 

calculated for 15 out of 16 total patients.  
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 Highly active antiretroviral therapy (HAART) use in HIV individuals has been 

proposed as an explanation for the unexpectedly low incidence of gliomas in this 

population [28]. Protease inhibitors used in HAART have been shown to exhibit anti-

cancer properties in up to 60 different human cancer cell lines, including promotion of 

cell death through the endoplasmic reticulum stress response by protease inhibitors 

Atazanavir and Nelfinavir on malignant glioblastoma cells lines, U251, LN229 and T98G 

[31], and promotion of cell death through inhibition of NF-κB activation by protease 

inhibitor Saquinavir on glioblastoma cell line U373 [32-34]. In addition, two Nelfinavir-

induced anti-cancer mechanisms have been observed in gliomas, including, activation of 

the unfolded protein response pathway leading to cell death [35], and down-regulation of 

VEGF and HIF-1α through the PI3K pathway [36]. With 78% of documented glioma 

cases in HIV individuals having occurred between the years of 1991 and 2000, however, 

a time during which HAART and Nelfinavir were approved for use [28, 37], it is difficult 

to directly implicate or dismiss the effect of antiretroviral therapy on GBM incidence in 

the HIV population. In addition, presence of the BBB has been shown to actively limit 

entry of protease inhibitors into the brain, thereby limiting Nelfinavir’s effect on the brain 

[38]. We hypothesize, therefore, that while HAART may contribute to a reduced rate of 

GBMs in the HIV population, this lowered tumor incidence may also suggest a potential 

mechanism(s) conferred by HIV-1 infection against GBM initiation and development.  

 Our goal with this work was to elucidate biological pathways involved in HIV-1 

and GBM disease development in the brain toward an enhanced understanding of unique 

and shared molecular mechanisms involved in progression of each disease. 
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4.1.2 Study description 

 In this chapter, we used gene expression information to perform a comparative 

analysis between the two neurological diseases, HIV-1 infection of the brain and 

glioblastoma multiforme. This comparison was motivated by a similarity in immune 

system use in both diseases, and by a low incidence rate of GBMs in the HIV population. 

 Our approach took advantage of publically available brain tissue transcriptional 

data to construct meta-datasets for comparison between GBM and HIV individuals. Both 

datasets were initially compared to a control dataset to determine differential expression 

at both the gene- and pathway- level, unique to each disease. This was followed by a 

comparison between the two diseases with regard to perturbed and enriched pathways. 

Results from this work identified commonalities between the two conditions in their use 

of immune system, nervous system, and cancer system pathways. In addition, we 

identified a significant difference between the two diseases: Based on both significance 

and directionality of differential gene expression, cancer pathway, cell death of glioma 

cells, was found to be activated in HIV individuals but not in GBM individuals. 

 

4.2 Methods 

4.2.1 Data collection and subject/sample information 

 Brain tissue sample microarray data were collected from the NCBI Gene 

Expression Omnibus Databank (GEO) (last accessed 12/2014) [39]. Three GEO datasets 

comprised the HIV-1-infected (HIV+) sample group (GSE17440, GSE28160, and 

GSE35864), and six GEO datasets comprised the glioblastoma multiforme (GBM+) 

sample group (GSE7696, GSE13041, GSE15824, GSE16011, GSE32374, and 
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GSE36245). The control sample group was also derived from the GEO datasets listed 

above: twenty-four control samples came from HIV arrays (GSE28160 and GSE35864), 

and eleven control samples came from GBM arrays (GSE7696, GSE15824, and 

GSE16011) [40-48]. Matching of control samples within their respective datasets was 

described for two arrays (GSE16011 and GSE35864) with regard to age in both, and with 

regard to gender distribution, age at death, and geographical region in the latter.  

 Due to data availability, in the present study, the HIV+ sample group was collected 

first, and GBM+ samples were matched to the HIV+ group in terms of subject age (30 – 

64 years), and microarray platform used to generate the transcriptional data (Affymetrix® 

GeneChip Human Genome U133 Plus 2.0 Array). To the best of our ability, and given 

the limited amount of subject information available, control samples were matched to the 

HIV+ and GBM+ groups by subject age. Subject data, including age, sex, and treatment 

status, were collected from the literature, from GEO, and through communication with 

one publication author (E.T. Tatro, personal communication, December 1, 2014) [46]. 

The literature described subject diagnoses, including assessment of HIV-1-associated 

neurocognitive disorders (HAND) in HIV+ subjects and cancer diagnoses in GBM+ 

subjects, as well as provided sample information including tissue and RNA processing 

procedures [40-48]. Brain sampling locations were available for HIV+ subjects and for 

some control subjects, but not for GBM+ subjects. Known sampling locations in the 

HIV+ group included the three brain regions: white matter from the anterior frontal lobe, 

grey matter from the frontal neocortex, and basal ganglia tissue.  
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4.2.2 Dataset filtering  

All expression data were generated using the Affymetrix® gene array platform, 

Human Genome U133 Plus 2.0. Microarray data were obtained in the form of 

Affymetrix® .CEL files. Raw data files were read into the R software environment [49], 

and RNA quality was assessed using R packages affyPLM (v1.42.0) and simpleaffy (v 

2.42.0) [50-53]. The affyPLM tool provided two quality control measurements, including 

relative log expression (RLE) and Normalized Unscaled Standard Errors (NUSE) [54]. 

RLE was used to compare expression for a probe on each array against the median 

expression for that probe across all arrays. An array that did not center near 0 in an RLE 

plot indicated its potential as an outlier array. NUSE was used to standardize standard 

error estimates per probe across all arrays at a median standard error of 1 for each probe 

across all arrays. An array with an increased standard error as compared to other arrays 

indicated its reduced quality. The simpleaffy tool provided quality control metrics 

complementary to affyPLM including estimation of average background signal, scale 

factors, and 3’ to 5’ ratios for β-actin and GAPDH (measures of RNA quality) [55]. 

Using these array quality indicators, outlier sample arrays and arrays of low RNA quality 

were detected and removed, including, for example, removal of arrays that did not center 

near 0 as observed in RLE plots, and removal of arrays with larger standard errors as 

compared to the average array standard error as observed in the NUSE plots. Arrays were 

removed from the following GBM datasets: GSE13041 (arrays GSM326904 and 

GSM326922), GSE7696 (arrays GSM187153, GSM187172, and GSM187187), and 

GSE16011 (arrays GSM405214, GSM405350, GSM405385, and GSM405389); from the 

following HIV datasets: GSE28160 (array GSM697506) and GSE35864 (arrays 
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GSM876848, GSM876849, GSM876861, GSM876872, GSM876873, GSM876885, 

GSM876896, GSM876897, GSM876902, and GSM876909); and from the following 

control datasets: GSE28160 (arrays GSM697483 and GSM697485) and GSE35864 

(GSM876843) (Table 4.2). Arrays removed from dataset GSE35864 also included arrays 

affected by the associated subject having been diagnosed with a brain-related 

opportunistic infection, due to the potential for infection-related transcriptomic changes 

in this sample [48]. 

 

Table 4.2 Pre- and post- RNA quality filtration array counts 

 # Arrays 
Pre-

Filtration 

# Arrays 
Removed 

Due to 
Filtration 

# Arrays 
Removed Due 

to Opportunistic 
Infection 

# Arrays 
Post-

Filtration 

% Arrays 
Removed 

Due to 
Filtration 

Control Group 38 3 0 35 7.894% 
GBM Group 237 9 0 228 3.797% 
HIV Group 88 8 3 77 9.09% 

Total 363 20 3 340 5.509% 
 

Individual array quality assessment and removal was based on visual inspection [56] of 

diagnostic plots produced by RNA quality assessment tools, affyPLM and simpleaffy, and 

included evaluation of RLE (relative log expression) and NUSE (normalised unscaled 

standard error) statistics. A greater percentage of arrays were filtered from the HIV group 

(9.09%) as compared to either the Control (7.894%) or GBM (3.797%) groups based on 

RNA quality assessment. The overall percentage of array removal by filtration was 5.5%.  
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4.2.3 Inter-array normalization  

 Sample arrays were normalized at the dataset level using the Robust Multiple Array 

(RMA) algorithm as implemented through the R package, affy (v1.44.0) [57]. The RMA 

algorithm was used to perform background correction (to allow for increased sensitivity 

through removal of non-specific noise), Log2 transformation, and quantile normalization 

(to adjust for technical variability) of expression data. Prior work has shown this 

normalization method to produce both consistent down-stream estimates of fold change 

and differential expression calls with higher sensitivity and higher specificity, as 

compared to its two largest competitors, MAS 5.0 and dChip [58, 59].  

4.2.4 Intra-array normalization  

  In order to reduce technical variation occurring across datasets, including differences 

in sample preparation (e.g. RNA concentrations and hybridization efficiencies [60]), 

following normalization at the within-dataset level, we normalized sample arrays across 

datasets, at the meta-dataset level. R script, ComBat.R, was used to adjust probe values 

for potential dataset effects [61]. This tool utilized information including both dataset 

source (individual GEO datasets) and sample type (HIV+, GBM+, or control) to inform 

probe expression value adjustment by array. Following normalization by ComBat.R, R 

package arrayQualityMetrics (v3.22.0) was used to assess data quality at the meta-

dataset level, and most importantly to report any remaining batch effects prior to 

differential expression analysis [62]. To detect outlier arrays, the arrayQualityMetrics 

tool was used to produce MA plots (M = Log2(array intensity) - Log2(pseudo-array 

intensity), A = 1/2 (Log2(array intensity)+Log2(pseudo-array intensity)), array intensity 

distribution plots, between-array distance heatmaps (mean absolute difference of the 
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vector of M-values for each pair of arrays on every probe), and standard deviation versus 

rank of mean plots. No batch effects were detected and no additional arrays were 

removed from this analysis. 

4.2.5 Probe filtering 

  Affymetrix® control probes were removed using R package genefilter (v1.48.1) [63]. 

Non-specific filtering, the removal of probes exhibiting consistently small variance 

across samples was not performed. We chose not to remove small variance probes as 

such filtering has been shown to interfere with the distributional assumptions of the 

moderated variance statistic used in our downstream differential expression analyses 

[64]. 

4.2.6 Differential expression analyses 

 Ten differential expression analyses were performed, two differential expression 

statistical approaches applied on five contrasts: HIV+ group versus Control group; 

HIV+/HAND+ group versus Control group; GBM+ group versus Control group; HIV+ 

(treated with HIV therapy) group versus Control group; and HIV+ (not treated with HIV 

therapy) group versus Control group (Figure 4.2). First, R program limma (v3.22.4) was 

used to test for differential expression across probes [65, 66]. The limma tool was used to 

fit a linear model to each probe ID across probe expression values for a given group. This 

tool utilizes an empirical Bayes approach to borrow information across all probe-wise 

models toward a differential expression estimate for each probe, and has been shown to 

produce high confidence measurements, particularly in studies with limited sample sizes. 

Output from limma included a moderated t-statistic per probe, a Benjamini-Hochberg 

(BH) corrected p-value per probe, and a Log2 fold change per probe [67]. R program 
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RankProd (v2.38.0) was also used in the identification of differentially expressed probes 

[68]. RankProd uses a non-parametric statistic to detect probes that are consistently 

ranked high across multiple comparisons. This methodology offers advantages over 

linear modeling including, use of the biologically motivated fold-change (FC) criterion, 

fewer assumptions (including no distribution assumption), and increased performance 

with both noisy data and with data of few replicates [69]. These attributes made 

RankProd well suited to our meta-analysis as it offered a way of overcoming potential 

heterogeneity across datasets by integrating information across them. Output from 

RankProd included a p-value per probe, and those p-values were adjusted for multiple 

comparisons using the Benjamini-Hochberg method in R.  
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Figure 4.2 Computational pipeline for primary microarray analyses 

Microarray meta-datasets (HIV+, GBM+ and control) were first normalized to eliminate 

both inter- and intra- dataset technical biases. Normalized HIV+ and GBM+ probe values 

were tested for differential expression (DE) against normalized control probe values 

using two different DE approaches. Differential expression results from both DE 

approaches were analyzed for pathway perturbation and pathway enrichment, and 

significant pathways were compared across groups of interest, including HIV+ versus 

GBM+ and HIV+/HAND+ versus GBM+. The primary interest of this work, the 

transcriptional alteration intersection between the two diseases, HIV and GBM, is 

indicated above by a “?” symbol. 
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4.2.7 Pathway analyses 

 Differential expression results were used as input into two pathway analysis 

programs, Signaling Pathway Impact Analysis (SPIA, v2.18.0) [70] and QIAGEN’s 

Ingenuity® Pathway Analysis (IPA) (Figure 4.2). Prior to each computational pathway 

analysis, Affymetrix® probe identifiers were collapsed to gene level identifiers, and 

probe identifiers with no gene level identifiers were removed from further analysis.  

 Output from both limma and RankProd were run through separate analyses using 

SPIA. SPIA performed a knowledge-based driven pathway analysis using both Log2-fold 

expression change information and B-H adjusted p-value information to detect over-

represented pathways exhibiting aberrant topology perturbation. Pathway information 

was derived from the Kyoto Encyclopedia for Genes and Genomes Database (KEGG) 

pathway repository [71]. SPIA computed two p-values, pNDE and pPERT, in the 

measurement of both, pathway enrichment, the over-representation of differentially 

expressed genes in a pathway, and pathway perturbation, the amount of gene expression 

change across a pathway topology. In this way, SPIA provided a more biologically 

accurate quantification of gene interactions as compared to a simple pathway enrichment 

tool. For this study, these p-values pNDE and pPERT were combined using the normal 

inversion method, the most conservative method available, toward a global pathway 

significance value, pG. In total, we performed 2,000 bootstrap iterations of the SPIA 

algorithm, the recommended bootstrap iteration value for this tool. Pathway perturbation 

results summed across both the limma and RankProd pipelines were used in our final 

disease comparative analysis (Figure 4.2).  
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A second pathway analysis tool, literature-based QIAGEN’s Ingenuity® Pathway 

Analysis Software (IPA), was used to perform a comparative analysis across the three 

sample groups, HIV+, HIV+/HAND+, and GBM+. Output from limma was used as input 

into IPA, including Log2-fold change values, average probe expression values, and B-H 

adjusted p-values. Datasets were filtered using two cutoffs, a B-H adjusted p-value of less 

than 0.05 and a Log2-fold change value cutoff dependent on the Log2-fold change range 

within each dataset. Probe set information specific to the Affymetrix® Human Genome 

U133 Plus 2.0 microarray platform was used as the background dataset for downstream 

pathway enrichment analyses, as this microarray platform was used to generate all data 

included in this study.  

4.2.8 Canonical pathway enrichment analysis  

Pathway information derived from the literature-based Ingenuity® Knowledge 

Base, in combination with observed gene changes (as measured by differential expression 

values), was used to identify, within each sample group, significantly enriched 

Ingenuity® canonical pathways. Pathway enrichment was calculated by measuring the 

overlap between the observed (as derived from our datasets) gene sets and the predicted 

(as derived from the IPA Literature Knowledge Base) gene sets. Enrichment significance 

values were calculated using Fisher's Exact Test, and p-values were adjusted using the 

Benjamini-Hochberg correction method, using a significance cutoff of B-H adjusted p-

value less than 0.05.  

4.2.9 Disease and biological function enrichment analysis  

Disease and biological function information derived from the literature-based 

Ingenuity® Knowledge Base, in combination with observed gene changes by sample 
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group, was used to identify significantly enriched disease and biological functions within 

each sample group. Reflective of our interest in disease, molecular, and cellular 

processes, the categories selected for this biological function enrichment analysis 

included “Diseases and Disorders”, “Molecular and Cellular Functions”, and 

“Physiological System Development and Function”. Significance values for function 

enrichment were calculated using Fisher's Exact Test and adjusted using the Benjamini-

Hochberg correction method. Those functions and diseases found to be significantly 

enriched in all three datasets (B-H adjusted p < 0.05) were further evaluated using the 

Ingenuity® Knowledge Base to determine potential activation or inhibition of each 

function based on the observed directionality of gene expression changes within each 

dataset. In brief, IPA makes a prediction as to a particular biological function’s activation 

or inhibition based on differential expression information of regulator genes upstream of 

this function. Statistical significance based on the number and combination of 

“inhibition” and “activation” predictions is determined using a normally distributed Z-

score. A large Z-score, in either direction, indicates a prediction unlikely to occur by 

chance. In addition, Z-score directionality provides information regarding either 

inhibition or activation of a significant biological function. Biological functions and 

diseases that had absolute Z-scores of ≥ 2 were considered either significantly activated 

or inhibited. This analysis also allowed us to pinpoint differentially activated upstream 

regulators of these functions. 
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4.3 Results 

4.3.1 Inter-array and intra-array normalization 

 In contrast to pre-normalization signal intensity distributions, post-normalization 

intensities were distributed within similar intervals and shared a similar density center, 

indicating successful adjustment of data (Figure 4.3). Post-meta-dataset-normalized 

signal intensity boxplots were found to distribute in similar intervals and shared a similar 

density center across all datasets, indicating successful adjustment of data across the 

meta-dataset. Appropriate data adjustment was also confirmed through MA plots that 

evaluated the dependency between expression log ratio and mean. 
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Figure 4.3 Example of a dataset signal intensity range before and after 

normalization with RMA  

Signal intensity boxplots before RMA normalization indicated a dataset with differently 

distributed arrays with regard to both signal intensity median and range. Signal intensity 

boxplots after RMA normalization indicated a dataset with similarly distributed arrays 

with regard to both signal intensity median and range. Within-dataset normalization by 

RMA was followed by between-dataset normalization by ComBat.R. The y-axis measures 

probe signal intensity and the x-axis shows individual arrays for GBM dataset, 

GSE16011. Plots were made using the R statistical platform.  
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4.3.2 Dataset characteristics 

 In total, we collected brain tissue microarray data and associated clinical 

information for 77 HIV-1 subject (HIV+, with no GBM) samples, 59 HIV-1-associated 

neurocognitive disorder subject (HIV+/HAND+, with no GBM) samples, 228 

glioblastoma multiforme subject (GBM+, with no HIV) samples, and 35 control subject 

samples (no HIV or GBM) (Table 4.3). Geographical region information was available 

for all samples, with 29.7% of samples from individuals located in the United States and 

70.3% of samples from Europe, namely the Netherlands, Switzerland, and Germany. 

Subject age information was available for 96.8% of samples, with average ages of 46, 44, 

49, and 48 years for HIV+, HIV+/HAND+, GBM+, and control groups, respectively 

(Table 4.3). In the HIV+/HAND+ group, 44.1% of samples were from subjects 

diagnosed with HIV-associated encephalopathy (HIVE), and remaining samples were 

from subjects diagnosed with general HIV-1-associated neurocognitive disorder 

(HAND). HIV treatment in HIV+ subjects included both HIV monotherapy and highly 

active antiretroviral therapy (HAART). In the HIV+/HAND+ group, the percentage of 

samples from subjects that had received treatment was 64.4%, and the percentage of 

samples from subjects that had not received treatment was 35.6%. In the HIV+ group, the 

percentage of samples from subjects that had received HIV treatment was 71.4%, and the 

percentage of samples from subjects that had not received HIV treatment was 28.6%. 

Tumor treatment in the GBM+ group included both radiation and chemotherapy. 78% of 

samples in this group were from subjects that had received radiation treatment, and 29% 

were from subjects that had received chemotherapy. No data were filtered out on the 

basis of the characteristics listed above. 
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Table 4.3 Clinical information on primary study sample groups
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The HIV+ group included 77 individuals from the United States, primarily male and with 

an average age of 46 years. The HIV+/HAND+ group included 59 individuals from the 

United States, primarily male and with an average age of 44 years. The GBM+ group 

included 228 individuals from both the United States and Europe, primarily male, and 

with an average age of 49 years. Finally, the control group included 35 individuals from 

both the United States and Europe, with an unknown gender distribution, and an average 

age of 48 years.  
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4.3.3 Differential expression analysis 

Differential expression analysis by limma showed over four times the number of 

differentially expressed probes in the Control versus GBM+ contrast as compared to 

either the Control versus HIV+ contrast or the Control versus HIV+/HAND+ contrast (p-

value < 0.05, B-H adjusted p < 0.05) (Table 4.4). In addition, the B-H adjusted -log10 p-

value range for differential expression calls in the Control versus GBM+ contrast was 

eight times greater that of either HIV+ contrast (Figure 4.4). Finally, the Log2-fold 

change range for the Control versus GBM+ contrast of -5.74 to 5.57 was nearly three 

times greater that of either the Control versus HIV+ contrast or the Control versus 

HIV+/HAND+ contrast, with respective Log2-fold ranges of -1.91 to 1.88 and -2.09 to 

1.85 (Figure 4.4).  
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Table 4.4 Significant probe numbers as revealed by differential expression results 

DE Contrasts  

B-H adjusted 

p-value 

<0.05 

B-H 

adjusted 

p-value 

<0.005 

(limma) 

Log2 fold change 

>1 

(limma) 

Log2 fold change 

>1, and  

B-H adjusted  

p-value <0.05 

(limma) 

HIV+ vs. 

Control 

8,189 

(limma) 
1,629 

14 down-regulated 

62 up-regulated 

10 down-regulated 

61 up-regulated 9,617 

(RankProd) 

HIV+/HAND+ 

vs. Control 

8,009  

(limma) 
1,379 

15 down-regulated 

60 up-regulated 

9 down-regulated 

58 up-regulated 9,050 

(RankProd) 

GBM+ vs. 

Control 

34,905 

(limma) 
28,104 

2,549 down-

regulated 

2,622 up-regulated 

2,549 down-

regulated 

2,622 up-regulated 
21,046 

(RankProd) 
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limma differential expression (DE) results showed a 4-fold increase in the number of 

differentially expressed probes (B-H adjusted p < 0.05) in the Control versus GBM+ 

contrast as compared to either the Control versus HIV+ contrast or the Control versus 

HIV+/HAND+ contrast. Differential expression results at the more stringent B-H 

adjusted p < 0.005, showed an even greater difference between GBM+ and HIV+ groups, 

with a 17-fold increase in the number of differentially expressed probes in the GBM+ 

group contrast over either of the HIV+ group contrasts. In addition, we observed 

sensitivity of DE calls based on the DE tool used.   



 

157 
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Figure 4.4 Volcano plots of differential expression calls for control/GBM+ contrast 

and control/HIV+ contrast 

The GBM+ versus Control contrast (outer figure) had differential expression (DE) calls 

with lower B-H adjusted p-values and greater Log2-fold changes than either the HIV+ 

(inset figure) or the HIV+/HAND+ versus Control contrasts. The outer figure shows DE 

results for the GBM+ group, and the inset figure shows DE results for the HIV+ group. 

The y-axis measures the –log10 of the B-H adjusted p-value for probes, and the x-axis 

measures the Log2 fold change for probes. Plots were made using the R statistical 

platform.  
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4.3.4 Signaling pathway perturbation analysis 

 Summation of significantly perturbed pathways (B-H adjusted p < 0.05) across both 

the limma and RankProd differential expression pipelines resulted in 60 KEGG signaling 

pathways with perturbed topologies in the HIV+/HAND+ group, 50 pathways in the 

HIV+ group, and 85 pathways in the GBM+ group. Overlap of pathways significant in 

both limma and RankProd output resulted in 17 KEGG signaling pathways with 

perturbed topologies in the HIV+ group, 16 in the HIV+/HAND+ group, and 49 in the 

GBM+ group. With regard to pathways shared across sample groups, summation of 

significant pathways across both limma and RankProd output resulted in a total of 42 

pathways shared between HIV+ and GBM+, and a total of 51 pathways shared between 

HIV+/HAND+ and GBM+ (Figure 4.5). The following KEGG signaling pathways were 

significant in both the HIV+/HAND+ and GBM+ groups but not in the HIV+ group: cell 

cycle (hsa:04110), focal adhesion (hsa:04510), type II diabetes mellitus (hsa:04930), 

prion diseases (hsa:05020), prostate cancer (hsa:05215), VEGF signaling pathway 

(hsa:04370), progesterone-mediated oocyte maturation (hsa:04914), vibrio cholerae 

infection (hsa:05110), and endocrine and other factor-regulated calcium reabsorption 

(hsa:04961). All significant signaling pathways shared by both HIV+ and GBM+ were 

also shared by the HIV+/HAND+ group. 
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Figure 4.5 Number of shared pathways across contrasts as confirmed by RankProd 

and limma output 

A total of 42 pathways were shared between the HIV+ and GBM+ group, and a total of 

51 pathways were shared between the HIV+/HAND+ and GBM+ group. As expected, 

due to both groups sharing the same disease, the HIV+ group and the HIV+/HAND+ 

group shared the greatest number of pathways confirmed by both RankProd and limma. 

In addition, the HIV+/HAND+ group and the GBM+ group had more shared pathways 

confirmed by both DE tools as compared to those pathways shared between HIV+ and 

GBM+. This finding shows a greater similarity in the extent of altered gene expression 

between HIV individuals with HAND and GBM individuals, than between HIV 

individuals without HAND and GBM individuals. The y-axis shows group comparison, 

and the x-axis shows number of shared pathways. 
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Pathways shared between HIV+/HAND+ and GBM+ displayed the following 

distribution, eleven pathways belonged within KEGG category infectious diseases 

(including bacterial, viral and parasitic diseases), nine pathways within nervous system 

and neurodegenerative diseases, eight pathways within signal transduction and signaling 

molecules and interaction, four pathways within cancer, and three pathways within 

immune system and immune diseases (Figure 4.6). Nine additional KEGG categories 

had between one and three significantly perturbed pathways each, and these categories 

included cell growth and death, cellular community, circulatory system, and development 

(Figure 4.6).  
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Figure 4.6 High-level KEGG categories with significantly perturbed pathways 

shared by HIV+ and GBM+ groups (top) and by HIV+/HAND+ and GBM+ groups 

(bottom) 

Those KEGG categories with the greatest number of perturbed signaling pathways shared 

between the GBM+ and HIV+ groups (top figure) and between the GBM+ and 

HIV+/HAND+ groups (bottom figure) included infectious diseases, nervous system and 

diseases, signal transduction and signaling molecules, and cancer. In both figures above, 

KEGG category names are displayed along with the percentage of pathways within each 

category shared between the two disease groups (as confirmed by summation across 
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RankProd and limma results). The category color indicates the level of confirmation by 

DE analyses. Red represents categories with the highest levels of pathway significance 

confirmation (confirmed by both tools in both diseases in over 50% of shared pathways), 

and yellow represents categories with the lowest levels of pathway significance 

confirmation (confirmed by both tools in both diseases in under 25% of shared 

pathways). 
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 Analysis of signaling pathway perturbation and enrichment in the HIV+ group with 

treatment as compared to the HIV+ group without treatment revealed pathways unique to 

each with regard to their overlap with GBM+. Three significant KEGG signaling 

pathways were shared by both the HIV+ treated group and GBM+, but not with the HIV+ 

treatment naive group: calcium signaling pathway (FDR-adjusted p = 0.004), the NF-

kappa β signaling pathway (FDR-adjusted p = 0.015), and the toxoplasmosis disease 

pathway (FDR-adjusted p = 0.043). Six significant KEGG signaling pathways, primarily 

disease pathways, were shared by both the HIV+ treatment naive group and GBM+, but 

not with the HIV+ treatment group: retrograde endocannabinoid signaling (FDR-

adjusted p = 0.001), glutamatergic synapse (FDR-adjusted p = 0.04), pertussis (FDR-

adjusted p = 0.0005), staphylococcus aureus infection (FDR-adjusted p = 7.60E-07), 

tuberculosis (FDR-adjusted p = 0.002), systemic lupus erythematosus (FDR-adjusted p = 

8.10E-06), and viral myocarditis (FDR-adjusted p = 0.037). 

In all, these results demonstrated commonalities in signaling pathway perturbation 

across both HIV and GBM brain tissue. Those biological processes with the greatest 

number of significantly perturbed pathways in all three groups (HIV+, HIV+/HAND+, 

and GBM+) included infectious disease processes, cell signaling processes, nervous 

system processes, immune system processes, and cancer processes. In addition, more 

pathways shared between HIV+/HAND+ and GBM+ were confirmed as significant by 

both differential expression tools than pathways shared between HIV+ and GBM+, and 

while all pathways significant and shared between HIV+ and GBM+ were also shared 

between HIV+/HAND+ and GBM+, nine additional pathways were shared only by the 

HIV+/HAND+ and GBM+ groups. 
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4.3.5 Glioma pathway analysis 

 Based on output from differential expression tool RankProd, we found KEGG 

pathway, glioma (hsa:05214), as significant in all three groups, HIV+, HIV+/HAND+, 

and GBM+ (FDR adjusted p-values of 0.0015, 5.70E-06, and 0.006) (Figure 4.7). This 

finding was confirmed by limma, employing the empirical Bayes algorithm, for both the 

HIV+/HAND+ and GBM+ groups (FDR adjusted p-values of 0.022 and 0.01, 

respectively), but not for the HIV+ group (FDR adjusted p-value = 0.081) (Figure 4.7). 

In all, the results showed all three groups to have a significantly perturbed glioma 

pathway. In addition, we observed a sensitivity of these results based on the differential 

expression tool used.  	
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Figure 4.7 Perturbation plots for KEGG pathway hsa:05214 across the three groups 

HIV+, HIV+/HAND+ and GBM+ 

The glioma pathway was significantly perturbed in all three groups, HIV+, 

HIV+/HAND+, and GBM+ according to RankProd differential expression output, and in 

HIV+/HAND+ and GBM+ according to limma output. The left-hand figure shows the 

level of perturbation on the glioma pathway as contributed by genes in that pathway (the 

y-axis measures the pathway perturbation accumulation, and the x-axis measures the 

Log2 fold change per gene). For example, non-differentially expressed genes are 

indicated by a Log2-fold change of zero on the x-axis, and by a level of perturbation of 

zero on the y-axis. The perturbation accumulation information in the left-hand figure is 

tested against a null perturbation distribution in the right-hand figure. The right-hand 

figure shows the observed net accumulation of perturbation as a red vertical line over the 

null distribution of the net accumulated perturbation (the y-axis measures the density of 

net perturbation accumulation, and the x-axis measures the total perturbation 

accumulation). In this figure, a red vertical line moved away from the null distribution 

center of zero indicates a potentially significantly perturbed pathway.  
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4.3.6 Canonical pathway enrichment analysis 

Pathway enrichment analysis showed twelve canonical pathways as both significantly 

enriched (B-H adjusted p < 0.05) and shared between all groups (Figure 4.8). KEGG 

categories with enriched canonical pathways overlapped with KEGG categories with 

significantly perturbed pathways, including, for example, immune system pathway, 

antigen presentation (SPIA GBM+, HIV+, and HIV+/HAND+ p-values for this pathway 

were 2.09E-06, 4.24E-09, 4.71E-10, respectively). Nine of these twelve significant 

canonical pathways, antigen presentation, allograft rejection signaling, OX4O signaling, 

Type I diabetes mellitus signaling, autoimmune thyroid disease signaling, complement 

system, graft-versus-host disease signaling, communication between innate and adaptive 

immune cells, and crosstalk between dendritic cells and natural killer cells, all belonged 

to the higher-level immune system and diseases category. Additional enriched pathways 

included pathways involved in cancer, Alzheimer’s disease, and cell division (Figure 

4.8). In sum, these results revealed twelve canonical pathways, the majority of which are 

involved in immune system processes, as significantly enriched in all three groups, 

HIV+, HIV+/HAND+, and GBM+. Of note, of these twelve pathways, those with the 

greatest differences between the HIV+ and GBM+ groups were the complement system 

pathway (of greater significance in the HIV+ group), the antigen presentation pathway 

(of greater significance in the HIV+ group), and the molecular mechanisms of cancer 

pathway (of greater significance in the GBM+ group).	
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Figure 4.8 Significantly enriched canonical pathways shared across HIV+, 

HIV+/HAND+, and GBM+ groups 

Twelve canonical pathways were significantly enriched in all three groups, HIV+, 

HIV+/HAND+, and GBM+ (horizontal red line at B-H adjusted p < 0.05). Taller bars 

show increased significance as measured by the –log10 of the B-H adjusted p-value on 

the y-axis, and canonical pathways are displayed along the x-axis. 
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4.3.7 Biological function and disease analysis 

Functional analysis identified 34 biological functions and diseases as significantly 

enriched (B-H adjusted p < 0.05) and shared across all three groups (Figure 4.9). As was 

found in the canonical pathway enrichment analysis, these functions also overlapped with 

significant signaling pathways detected by SPIA, and included immunological disease, 

cardiovascular disease, neurological disease, infectious disease, cellular development, 

cellular movement, cell signaling, and cancer (Figure 4.9). Six of these higher-level 

functions were additionally predicted to have activated pathways in all three groups (Z-

score ≥ 2) (Figures 4.10a, b and c), and no shared functions were predicted as having 

inhibited pathways. Functions with activated pathways in all three groups included 

cardiovascular system development and function, cell death and survival, cellular 

development, cell morphology, cellular movement, and cell-to-cell signaling and 

interaction. Functions exhibited different combinations of pathway activation across 

sample groups, including pathways activated across all sample groups and pathways 

activated in only one sample group. For example, in function, cell death and survival, the 

three pathways, cell survival, cell viability and cell viability of tumor cell lines were 

activated in all three groups with consistently higher activation in the HIV+ (Z-scores = 

5.332, 5.255, 4.482) and HIV+/HAND+ groups (Z-scores = 4.706, 4.631, 3.999) as 

compared to the GBM+ group (Z-scores = 2.69, 2.769, 2.717) (Figure 4.10b). The cell 

death and survival pathway, cell death of glioma cells, however, was only activated in the 

HIV+ group (Z-score = 2.036). Function, cellular development, only had two pathways 

activated across all three groups, proliferation of tumor cell lines and proliferation of 

breast cancer cell lines (Figure 4.10a). Shared and activated pathways in the cellular 
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movement function included cell movement and invasion of cells (Figure 4.10a). Finally, 

cardiovascular system development and function had the greatest percentage of shared 

and activated pathways including angiogenesis, vasculogenesis, development of blood 

vessel, and development of cardiovascular system (Figure 4.10c). Biological functions 

that did not share activated pathways across the HIV+ and GBM+ groups included cell 

morphology and cell-to-cell signaling and interaction (Figure 4.10b). Pathways that 

differed in cell morphology included autophagy and sprouting activated in the HIV+ (Z-

scores = 2.381, 2.356) and HIV+/HAND+ groups (Z-scores = 2.662, 2.375), but not in 

the GBM+ group (Z-score = 0). On the other hand, three cell-spreading pathways in this 

same function were only activated in the GBM+ group (Z-scores = 2.224, 2.156, 3.22) 

and not in the HIV+ (Z-scores = 0, 0, 0) or HIV+/HAND+ groups (Z-scores = 0, 0, 0) 

(Figure 4.10b). Finally, activated pathways in function neurological disease were found 

only in the HIV+ groups and not in the GBM+ group. These pathways included 

neuromuscular disease, multiple sclerosis, and progressive motor neuropathy. While not 

significant, there were two pathways, central nervous system and glioma, that did exhibit 

activation in the GBM+ group (Z-scores = 1.912, 1.912), but not in either HIV+ group 

(Figure 4.10c). In summary, 34 biological functions were significantly enriched (i.e. 

exhibited an overrepresentation of differentially expressed genes) and in common to all 

three groups, HIV+, HIV+/HAND+, and GBM+. In addition, signaling pathways within 

these functions overlapped with pathways detected by SPIA as significant (Figure 4.6) 

and included pathways involved in immune system and disease, cardiovascular system 

and disease, nervous system and disease, and cancer. 
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Figure 4.9 Significantly enriched biological functions and diseases shared across 

HIV+, HIV+/HAND+, and GBM+ groups 

Thirty-four biological functions and diseases were significantly enriched in all three 

groups, HIV+, HIV+/HAND+, and GBM+ (horizontal red line at B-H adjusted p < 0.05). 

Taller bars show increased significance as measured by the –log10 of the B-H adjusted p-

value on the y-axis, and biological functions are displayed along the x-axis. 
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Figure 4.10a Z-score heatmap of pathways involved in cellular movement and 

cellular development across the three groups, HIV+, HIV+/HAND+, and GBM+ 

Biological functions, cellular movement (top figure) and cellular development (bottom 

figure), had activated pathways that overlapped the three groups, HIV+, HIV+/HAND+, 

and GBM+. Absolute Z-scores of 2 or greater were considered significant. Blue 

represents pathways with a positive Z-score and reflects pathway activation. Heatmaps 

were created using the complete linkage clustering method with a Euclidean distance 

measure through the R gplots package (v. 2.12.1). 
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Figure 4.10b Z-score heatmap of pathways involved in cell-to-cell signaling and 

interaction, cell morphology, and cell death and survival across the three groups, 

HIV+, HIV+/HAND+, and GBM+ 

Biological functions, cell-to-cell signaling and interaction (top figure) and cell 

morphology (middle figure), did not have any activated pathways that overlapped both 

the HIV+ and GBM+ groups. Biological function, cell death and survival (bottom figure), 

had activated pathways that overlapped the three groups, HIV+, HIV+/HAND+, and 

GBM+. Absolute Z-scores of 2 or greater were considered significant. Blue represents 

pathways with a positive Z-score and reflects pathway activation. Heatmaps were created 

using the complete linkage clustering method with a Euclidean distance measure through 

the R gplots package (v. 2.12.1). 

 



 

178 
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Figure 4.10c Z-score heatmap of pathways involved in neurological disease and in 

cardiovascular system development and function across the three groups, HIV+, 

HIV+/HAND+, and GBM+ 

Disease function, neurological disease (top figure), did not have any activated pathways 

that overlapped the HIV+ and GBM+ groups. Of note is activation of pathway cell death 

of glioma cells in the HIV+ group, but not in the HIV+/HAND+ or GBM+ group. 

Biological function, cardiovascular system development and function (bottom figure), 

had activated pathways that overlapped the three groups, HIV+, HIV+/HAND+, and 

GBM+. Absolute Z-scores of 2 or greater were considered significant. Blue represents 

pathways with a positive Z-score and reflects pathway activation. Heatmaps were created 

using the complete linkage clustering method with a Euclidean distance measure through 

the R gplots package (v. 2.12.1). 
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4.3.9 Cell death of glioma cells pathway analysis  

The biological pathway, cell death of glioma cells, was predicted as activated only 

in the HIV+ group, and not in either the HIV+/HAND+ or GBM+ group (Figure 4.10b). 

Five genes are involved in this pathway, namely B-cell CLL/lymphoma 2 (BCL2), 

chemokine (C-X-C motif) (CXCL12), eukaryotic translation initiation factor 2-alpha 

kinase (EIF2AK3), Fas cell surface death (FAS), and tumor necrosis factor (ligand) 

superfamily, member 10 (TNFSF10) (Figure 4.11). The HIV+ group exhibited 

significant differential expression for all five genes, including up-regulation of BCL2, 

EIF2AK3, FAS, and TNFSF10 (Log2 ratios = 0.336, 0.352, 0.563, 0.549; B-H adjusted p-

values = 0.02, 0.012, 0.03, 0.008), and down-regulation of CXCL12 (Log2 ratio = -0.350, 

B-H adjusted p-value = 0.0367). The HIV+/HAND+ group exhibited significant 

differential expression for only three of the five genes, EIF2AK3, BCL2, and TNFSF10 

(Log2 ratios = 0.344, 0.400, 0.531; B-H adjusted p-values = 0.023, 0.008, 0.013), but not 

for FAS or CXCL12 (Log2 ratios = 0.505, -0.343; B-H adjusted p-values = 0.070, 0.056). 

In the GBM+ group, while all of these genes were significantly differentially expressed, 

only three, EIF2AK3, FAS, and TNFSF10 (Log2 ratios = 0.728, 0.729, 0.929; B-H 

adjusted p-values = 2.52E-13, 2.29E-06, 4.78E-07), had the necessary directionality for 

glioma cell death pathway activation (Figure 4.11). In sum, our results showed activation 

of the glioma cell death pathway in the HIV+ group but not in either the HIV+/HAND+ 

or GBM+ groups. All five genes involved in this pathway were significantly 

differentially expressed and had the necessary directionality toward pathway activation in 

the HIV+ group, while only three genes met these criteria in the GBM+ group. 
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Figure 4.11 Activation of molecules in the cell death of glioma cells pathway across 

the three groups, HIV+, HIV+/HAND+, and GBM+ 

Genes BCL2, CXCL12, EIF2AK3, FAS, and TNFSF10 were significantly differentially 

expressed in the HIV+ group, and the cell death of glioma cells pathway was predicted as 

activated in this group. Red squares represent down-regulated genes, and green squares 

represent up-regulated genes. Green circles represent activated pathways, and white 

circles represent non-activated pathway. Differences in color saturation reflect 

differences in Log2 fold change, with increasing saturation indicating increasing absolute 

value of Log2 fold change. Asterisks mark those molecules that were significantly 

differentially expressed as compared to the control group. 
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4.3.10 Glioma cell death upstream regulator analysis  

An upstream regulator analysis was performed to find those upstream regulators 

that both, were known to control BCL2 and CXCL12 genes found in the glioma cell death 

pathway, and that exhibited differing levels of activation between the HIV+ and GBM+ 

groups (Figure 4.12). Seven upstream regulators were predicted as significantly 

differentially activated between the HIV+ and GBM+ groups. Regulators activated in 

HIV+ but not in GBM+ included interferon-beta1 (IFNB1), growth hormone, and tumor 

protein p53 (TP53) (HIV+ Z-scores = 2.833, 2.339, 2.022; GBM+ Z-scores = 0, 0, -

1.640). Regulators activated in GBM+ but not in HIV+ included transcriptional activator 

Myb (MYB) and P38 mitogen-activated protein kinase (P38 MAPK) (HIV+ Z-scores = 

0.882, 1.399; GBM+ Z-scores = 2.586, 4.279). Regulators inhibited in HIV+ but not in 

GBM+ included ubiquitin specific peptidase 18 (USP18) and interferon regulatory factor 

4 (IRF4) (HIV+ Z-scores = -2.588, -2.739; GBM+ Z-scores = 0, 0) (Figure 4.12). In 

summary, our results show differences between HIV+ and GBM+ with regard to 

upstream regulator control of glioma cell death pathway genes, potentially explaining the 

observed activation of this network in the HIV+ group but not in the GBM+ group. An 

experimental assay to systematically test the effects of each of these upstream regulators 

on the glioma cell death pathway would allow us to better understand the overall effect of 

HIV cellular environment on GBM development. More specifically, simulation of HIV 

upstream regulation, as described above, in a human glioblastoma cell line, would allow 

us to test the ability of each of these regulators to: change BCL2 and CXCL12 log fold 

change directionality; to activate the glioma cell death pathway; and to promote 

glioblastoma cell death. 
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Figure 4.12 Z-score heatmap of upstream regulators involved in pathway cell death 

of glioma cells across the three groups, HIV+, HIV+/HAND+, and GBM+ 

Seven upstream regulators of glioma cell death pathway genes, BCL2 and CXCL12, were 

differentially activated across the two groups, HIV+ and GBM+. These upstream 

regulator molecules included IFNB1, growth hormone, TP53, MYB, P38 MAPK, USP18, 

and IRF4. Absolute Z-scores of 2 or greater were considered significant. Red represents 

molecules with negative Z-scores (predicted as inhibited), blue represents molecules with 
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positive Z-scores (predicted as activated), and white represents molecules Z-scores of 0 

(no predicted activation or inhibition). Heatmaps were created using the complete linkage 

clustering method with a Euclidean distance measure through the R gplots package (v. 

2.12.1). 
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4.4 Discussion 

 Of all primary brain tumors, glioblastoma multiforme is the most malignant and 

most frequent [6]. A paucity of glioblastoma multiforme cases in the malignant-prone 

HIV-population [28] motivated us to perform a comparative analysis between the two 

diseases, HIV-infection of the brain and GBM development in the brain, in order to 

advance our understanding of clinical progression in each. Advantages to this study 

included: use of a meta-analysis approach in order to increase the power of our analyses; 

systematic normalization of data both within and between datasets; and implementation 

of multiple computational tools and statistical approaches in both our differential 

expression and pathway analyses for a more comprehensive study. By combining 

multiple methodologies we were able to statistically confirm our results while not 

limiting them, due to potential individual tool biases. 

4.4.1 Overlap between high-level biological pathways 

 Our findings showed multiple biological processes as shared between the two brain 

diseases, HIV and GBM, and implicate use of these pathways in a shared 

neuropathogenesis (Figures 4.6, 4.8 and 4.9). Immune system and disease: The 

majority of canonical pathways shared by HIV and GBM belonged to the high-level 

biological process, immune system and disease. In addition, immune system pathway, 

antigen presentation, was the most significantly enriched canonical pathway for all three 

groups in our IPA pathway analysis, and the most significantly perturbed pathway for two 

groups (HIV+ and HIV+/HAND+) in our SPIA signaling pathway analysis (for GBM this 

pathway ranked 7 out of 137) (Figure 4.8). This result was in line with our predicted key 

commonalities between the two diseases. As had been reported prior to this work, the 
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immune system plays an important role in the neuropathogenesis of both diseases: in 

particular, use of microglia, the primary inflammatory cell of the CNS, in the spread of 

infection in HIV [72] and for tumor expansion in GBM [73, 74], and chronic immune 

activation leading to neurocognitive impairment in HIV [75, 76]. Cancer: Multiple 

cancer-associated pathways were also found to overlap the two diseases (Figures 4.6, 4.8 

and 4.9), including the three KEGG signaling pathways, transcriptional misregulation in 

cancer, pathways in cancer, and glioma. Our observation of enriched and perturbed 

cancer pathways in HIV individuals confirmed the prior and unexpected finding by 

Levine et al. of disproportionate numbers of upregulated genes involved in cancer and 

cancer suppression correlating with severity of neurocognitive impairment in HIV and 

Alzheimer’s disease (Table 4.5) [77]. Cancer gene CTDSP2 (a gene reported to have a 

role in transcription [78]), previously found to be positively associated with increasing 

neurocognitive impairment in both Alzheimer’s disease and HIV, was also found to 

increase in both our HIV+/HAND+ and GBM+ groups. In addition, cancer gene HINT1 

(a gene reported to have a role in apoptotic signaling via p53 [79]), previously found to 

be negatively associated with increasing neurocognitive impairment in both Alzheimer’s 

disease and HIV, was also found to decrease in this study’s HIV+/HAND+ and GBM+ 

groups. We were not able, however, to confirm a statistically significant increase in 

additional cancer genes reported to increase with neurocognitive impairment, including 

SASH1, FBXW12, CASC3, and CEP350, and PGF [77]. It is important to note that, while 

our sample size was larger (N = 77 (white matter from the anterior frontal lobe, grey 

matter from the frontal neocortex, and basal ganglia tissue) as compared to N = 42 

samples (grey matter from the frontal neocortex and basal ganglia tissue)) (A.J. Levine, 
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personal communication, March 25, 2015), a portion of our sample group did overlap 

with that of Levine et al. [77]. An additional difference between the two studies included 

Levine et al. testing of two brain regions, basal ganglia and frontal cortex samples, while 

the current study tested three brain regions, white matter from the anterior frontal lobe, 

grey matter from the frontal neocortex, and basal ganglia tissue. This finding of altered 

expression of cancer-associated genes in the HIV individual was not reported in any of 

the three gene expression studies whose data were utilized in this work [46-48], most 

likely due to both different research foci and limited sample sizes in prior studies. 
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Table 4.5 Expression profiles across sample groups for genes found to correlate with 

neurocognitive impairment in Alzheimer’s diseases and HIV in prior research 

 

*NCI = Neurocognitive impairment. Citations in order as denoted by asterisks in table 

above include: [78], [80], [81], [82], and [79] 
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4.4.2 Cell death of glioma cells network activated in HIV group 

 Functional analysis revealed cancer-associated pathway, cell death of glioma cells, 

as activated in HIV brains but not in GBM brains (Figure 4.11). The five genes, B-cell 

CLL/lymphoma 2 (BCL2), C-X-C motif chemokine 12 (CXCL12), eukaryotic translation 

initiation factor 2-alpha kinase (EIF2AK3), Fas cell surface death (FAS), and tumor 

necrosis factor (ligand) superfamily, member 10 (TNFSF10), have all been implicated as 

participants in this network based on the IPA Ingenuity® Knowledge Base. In the HIV+ 

group, we found all five of these genes to be both differentially expressed and with the 

necessary directionality toward glioma cell death pathway activation, while in the GBM+ 

group, only three glioma cell death pathway genes met these criteria, EIF2AK3, FAS, and 

TNFSF10, with the remaining two genes, BCL2 and CXCL12, while significantly 

differentially expressed, had the opposite Log2 fold change directionality (Figure 4.11).  

BCL2: The BCL2 gene encodes a membrane protein known to block apoptosis in 

the tumor cell [83]. We found it was significantly upregulated in both our HIV+ and 

HIV+/HAND+ groups. While classified as an oncogene for its typically anti-apoptotic 

effects, work by Shinoura et al. has shown that, in glioma cells, BCL2 protein exhibits 

both pro- and anti- apoptotic effects dependent on its level of expression: anti-apoptotic 

at low expression levels and pro-apoptotic at high expression levels [84]. In HIV, 

upregulation of BCL2 has been shown to serve as a protective mechanism against viral 

protease apoptosis. In this capacity, BCL2 protein functions by suppressing activation of 

transcriptional regulator, nuclear factor kappa B (NF-κB), a key molecule in both cellular 

proliferation and in protection from apoptosis [85]. While our observed upregulation of 

BCL2 in the HIV+ group but not in the GBM+ group could provide support for 
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Shinoura’s findings, as well as evidence for BCL2 capacity to protect against glioma cell 

development, we expect this upregulation to more likely reflect an anti-apoptotic 

mechanism against viral protease apoptosis. It is also important to note that while 

protease inhibitor, Nelfinavir, has been shown to downregulate levels of BCL2 [86], we 

observed the opposite effect. Limited information on treatment in the HIV+ group 

(71.43% of the HIV+ sample had been treated, and 13% of the sample had been treated 

with a protease inhibitor (Table 4.3)) made it difficult to statistically assess treatment 

effect on BCL2 regulation. We did, however, observe a significant decrease in BCL2 

expression in our treatment group as compared to our non-treatment group (treated Log2 

fold change = -0.2001, B-H adjusted p-value = 0.019701; non-treated Log2 fold change = 

0.35388, B-H adjusted p-value = 0.10604), in line with the known effects of Nelfinavir 

on BCL2. 

Our search for BCL2 regulator molecules revealed the following four regulators 

as differentially activated across the HIV+ and GBM+ groups: growth hormone, P38 

mitogen-activated protein kinase (p38 MAPK), tumor protein 53 (TP53), and ubiquitin 

specific peptidase 18 (USP18). BCL2 regulator, growth hormone, has been shown to 

inhibit apoptosis by upregulating BCL2 [87]. In our study we found an activation of 

growth hormone in the HIV+ group as compared to the GBM+ group, in line with BCL2 

upregulation in our HIV+ group and not in our GBM+ group. The effect of 

phosphorylation of BCL2 by a second regulator, p38 MAPK, remains controversial [88], 

as p38 MAPK has been demonstrated to both increase [89] and decrease BCL2’s anti-

apoptotic potential [90]. In the current study, the GBM+ group was predicted as having a 

higher levels of p38 MAPK activation as compared to the HIV+ group, potentially 
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serving as evidence for phosphorylation of p38 MAPK as a mechanism for increasing the 

anti-apoptotic behavior of BCL2 protein. Cellular stress induction of a third BCL2 

regulator, TP53, has been shown to promote apoptosis through inhibition of BCL2 

functionality, and potentially through activation of apoptosis regulator, BAX, another 

member of the BCL2 gene family [91]. This is in line with the observed activation of 

TP53 in our HIV+ group and the observed inhibition of TP53 in our GBM+ group. 

Finally, regulator USP18 has been shown to play a key role in regulating apoptosis of 

pancreatic beta cells, a target cell of Type I diabetes. Knockdown of USP18, in 

combination with other molecular signals, has been shown to trigger beta cell apoptosis 

by decreasing anti-apoptotic signals from molecules BCL2, MCL-1 and BCL-XL to the 

cell [92]. We observed an inhibition of USP18 in the HIV+ group but not in the GBM+, 

in line with its knockdown serving to enhance cell recovery from BCL2 protein anti-

apoptotic signals.  

 FAS: The FAS gene, involved in Fas-associated death receptor-induced apoptosis 

[93], was significantly upregulated in both our HIV+ and GBM+ groups (Figure 4.11). 

FAS-mediated caspase activation has been shown to elicit two independent functions in 

the glioma cell, leading to two opposing processes: cell cycle progression and apoptosis. 

In its first capacity, FAS activates glioma cell cycle progression and cell proliferation 

using the downstream, Ras-Raf-MEK-ERK (MAPK/ERK) pathway [94]. In its second 

capacity, FAS induces glioma cell apoptosis through T lymphocyte and natural killer 

(NK) cell activation, and both cell apoptosis and subject survival rate have been shown to 

correlate positively with cellular FAS expression [95, 96]. In HIV, FAS-mediated 

apoptosis through activation induced cell death (AICD) has been proposed as a 
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contributor to CD4+ cell depletion characteristic of HIV disease progression [97]. In 

addition, a recent study found levels of FAS receptor and FAS ligand to correlate 

negatively with CD4+ cell count in HIV individuals, in vivo support for the role of FAS 

in T-cell depletion [98]. It is also important to note that while protease inhibitor, 

Nelfinavir, has been shown to downregulate FAS [86], in our study we observed an 

upregulation of this protein. It is possible, therefore, that a potentially increased level of 

FAS-mediated apoptosis in our HIV group, as anticipated by upregulated levels of FAS 

observed in this group, both, reflects HIV disease progression, and provides protection 

against glioma initiation, through the activation of T lymphocyte and natural killer cells. 

In the GBM+ group, we anticipate FAS may act through its alternative capacity, as an 

activator of glioma cell proliferation. 

 TNFSF10: The TNFSF10 gene encodes a cytokine known to promote apoptosis in 

tumor cells [99]. We found this gene was upregulated in both the HIV+ and 

HIV+/HAND+ groups (Figure 4.11). A member of the tumor necrosis factor family, 

TNFSF10 protein has been shown to induce apoptosis in combination with its ligand, 

tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), and in a range of tumor 

cell types [100]. While inactivation of TRAIL is a hallmark of primary GBM development 

[101], we observed a significant upregulation of this molecule in our GBM+ group (Log2 

fold change = 0.929; B-H adjusted p-value = 4.78E-07) (Figure 4.11). Interestingly, 

GBM cells have been shown to be resistant to TRAIL monotherapy, and more promising 

results have developed from studies looking to sensitize cells to TRAIL through TP53 

activation [102, 103], a molecule we found to be inactivated in our GBM+ group (Figure 

4.12). In HIV, HIV viral infectivity factor (Vif) protein has been shown to enhance TP53 
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stability and transcriptional activity toward viral proliferation [104]. In addition, a second 

viral protein, HIV-1 trans-activator of transcription (Tat), has also been shown to directly 

affect host levels of TP53 in vivo, through its inactivation of the apoptotic molecule [105, 

106]. A reciprocal relationship between the two regulates viral replication, with viral 

latency disrupted when Tat levels are sufficiently high to suppress effective levels of 

TP53 [107]. Our HIV results fall in line with a Vif-mediated regulation of TP53, but not 

with a Tat downregulation. In our GBM+ group, inhibition of TP53 may explain failure 

of TNFSF10 activation in cell death of glioma cells. It is also important to note an 

alternative explanation for TP53 activation in our HIV+ group, therapy with protease 

inhibitor Nelfinavir (Table 4.3), as this anti-viral drug has been shown to upregulate both 

TP53 and TRAIL receptor DR5 [86].  

 CXCL12: CXCL12, a signaling molecule produced by cells in response to 

infection or injury, has been shown to stimulate proliferation of primary GBM stem cells, 

by activating production of vascular endothelial growth factor (VEGF) through the 

PI3K/AKT signaling pathway [108]. In line with this mechanism, we observed the 

significant upregulation of CXCL12 in our GBM+ group, and its downregulation in our 

HIV+ group. CXCL12 is the unique ligand to chemokine receptor, CXCR4, a receptor 

hijacked by HIV for viral entry into CD4+ cells, and it follows that CXCR4 antagonists 

have been proposed as potential therapeutic agents in both cancer and HIV infection 

[109]. Downregulation of CXCL12 in our HIV+ group potentially provided the HIV+ 

group a level of protection from glioma stem cell development. 

Our search for CXCL12 regulator molecules revealed the following four 

regulators as differentially activated between the HIV+ and GBM+ groups: interferon 
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beta (IFNB1), interferon regulatory factor 4 (IRF4), transcriptional activator Myb 

(MYB), and tumor protein 53 (TP53). CXCL12 regulator, IFNB1, has been shown to 

strongly downregulate CXCR4 (the CXCL12 ligand receptor) [110], vascular endothelial 

growth factor (VEGF), and matrix metallopeptidase 9 (MMP-9), all molecules involved 

in glioma neovascularization [111]. Predicted activation of IFNB1 in the HIV+ group but 

not in the GBM+ group is in line with both, the observed downregulation of CXCL12 in 

the HIV+ group and with our hypothesis of activation of anti-glioma pathways in the 

HIV+ individual. A second CXCL12 regulator, IRF-4, has been shown to upregulate 

expression of chemokine receptor CXCR4, thereby promoting GBM cell migratory 

capabilities in response to increased CXCR4 binding with CXCL12 [112]. More 

specifically, use of quantitative PCR approach has shown a 2.5-fold increase in pre-B cell 

migration in response to CXCL12 [113]. Inhibition of IRF-4 and downregulation of 

CXCL12 in our HIV+ group points to an additional protective mechanism in the HIV 

brain against glioma development. Overexpression of a third CXCL12 regulator, MYB, 

has been shown to elevate levels of CXCL12 in breast cancer cells [114]. The MYB 

molecule was predicted as significantly activated in the GBM+ group, but not in the 

HIV+ group, concordant with the upregulation of CXCL12 observed in the GBM+ group 

but not in the HIV+ group. Finally, regulator TP53 has been shown to repress expression 

of CXCL12 in human and mouse fibroblast cells [115]. Significant activation of TP53 in 

the HIV+ group and significant inhibition of TP53 in the GBM+ group, again, provides a 

potential explanation for CXCL12 downregulation in the HIV+ brain. 

 EIF2AK3: The EIF2AK3 gene, encoding PERK (protein kinase RNA-like ER 

kinase), is a key effector of the endoplasmic reticulum (ER) stress related unfolded 
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protein response (UPR) in cells [116]. EIF2AK3 was upregulated in both our HIV+ and 

GBM+ groups. In glioma cells, this response has been shown to lead to cell death in 

otherwise chemo-resistant cancer cells, as evidenced through Nelfinavir-mediated UPR 

activation [31, 86]. In addition, primary glioma cell survival has been shown to decrease 

with increased melanoma differentiation associated gene-7 (mda-7/IL-24) cytokine-

mediated activation of the ER stress response, involving PERK [117, 118]. While the 

mda-7/IL-24 protein apoptotic mechanism is still unclear, in human melanoma cell lines, 

it has been shown to decrease levels of B-cell lymphoma-extra large (BCLXL) and to a 

lesser extent, levels of BCL2 [119]. Therefore, a decrease in BCL2 expression, as 

observed in the GBM+ group, may activate EIF2AK3 in stress-related apoptosis in the 

melanoma cell, a molecule upregulated in the GBM+ group. In HIV, HIV drug, 

Nelfinavir, has been shown to induce ER stress by blocking the action of proteasomes, 

leading to EIF2AK3 phosphorylation and protein synthesis inhibition [120]. Significant 

upregulation of EIF2AK3 in both our HIV+ and GBM+ groups (Log2 fold change = 

0.352 and 0.728, respectively) is not in line with its involvement in the glioma cell death 

pathway, and information concerning its rate of phosphorylation in both groups would 

help in better understanding its potential contribution in this pathway. 

 

4.5 Limitations 

 While the findings of this study show key differences and commonalities between 

HIV- and GBM- associated biological pathways in the brain, it is important we also 

address limitations to these findings. GBM tissue sampling information: Detailed 

clinical information was limited in both the HIV+ and GBM+ groups, and in particular, 
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information on brain sampling locations for the GBM+ group was nearly non-existent. It 

is important to note that work by Levine et al. on HIV brains indicated changes in gene 

expression as reflective of sampling location [77]. Unavailability of this information for 

our GBM+ group, however, led to development of this study as a more general analysis 

of brain changes, and in line with this approach, we constructed an analysis pipeline that 

would provide an expanded view of potential overlap between the two diseases: we used 

two differential expression tools and multiple pathway analysis tools in order to fully 

capture all shared pathways. HIV sample information: We were also limited by 

availability of information on HIV treatment regimens, information that could have 

potentially allowed for further insight into protease inhibitor effects on tumor suppression 

in HIV individuals. Furthermore, we were limited by HIV sample availability. The HIV+ 

group used in this study, while inclusive of all currently available microarray data on 

HIV brain tissue, was still small (N = 77), and resulted in a considerable difference 

between the two group sizes (GBM N = 228). We addressed this limitation by matching 

subject age across the two groups, one of the most important predictors of both brain 

tumor risk and primary versus secondary GBM development [121, 122]. We also 

accounted for sample size restrictions by emphasizing trends over statistical significance 

in our discussion of results. Meta-analysis limitations: While most genes have been 

shown to exhibit reproducible expression across experiments [123], some technical 

variability is still retained, even after data normalization, and must be accounted for when 

working with meta-datasets [124]. Several steps were taken in this analysis to help 

remove technical variability. Two normalization steps were performed, the first to 

account for within-dataset variability, and the second for between-dataset normalization. 
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Following normalization, we measured gene differential expression using two 

approaches: use of the more classically employed moderated variance t-statistic (limma), 

as well as use of a rank product approach (RankProd). Rank Product has been shown to 

effectively take into account both low sample size and high noise in data, with its 

effectiveness having been reported in prior work [124-126]. In this study, we observed 

sensitivity of results to depend on both group and differential expression tool. For 

example, use of limma DE output in our signaling pathway impact analysis (SPIA) 

resulted in more conservative estimates of HIV+ and HIV+/HAND+ group significant 

signaling pathways than use of RankProd DE output. The opposite effect, however, was 

seen in the GBM+ group, with RankProd output resulting in more conservative SPIA 

significance estimates.  

 

4.6 Conclusion 

Despite a relatively high frequency of GBM occurrence in the general population, 

at around 3.13 cases per 100,000 individuals in the United States [121], coupled with a 

propensity for glial cell transformation in the HIV individual induced by HIV-specific 

mechanisms [28], GBMs have been rarely reported in the HIV population. This 

observation motivated a comparative analysis between the HIV-diseased brain and the 

GBM-diseased brain toward the elucidation of molecular mechanisms relevant in 

development of both diseases. As we hypothesized based on work in each field, HIV and 

GBM brains share pathways involved in the immune system and in the nervous system 

(Figures 4.6, 4.8, and 4.9). While we also anticipated perturbation of cancer pathways in 

the GBM+ group, we unexpectedly found evidence of cancer pathway enrichment and 
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perturbation using both pathway analysis tools in the HIV+ group as well (Figures 4.7 

and 4.10c). This result confirmed an earlier observation by Levine et al. of expression of 

certain cancer genes in HIV individuals correlating positively with neurocognitive 

impairment.  

Our finding of cancer pathway activation in the HIV+ group included results from 

a computational analysis of genes involved in cancer pathway, cell death of glioma cells, 

and their regulation: While the HIV brain was found to activate the glioma cell death 

pathway through differential expression of the five genes implicated in it (potentially 

through upstream regulators growth hormone, IFNB1, TP53, MYB, p38 MAPK, USP18, 

and IRF4), in GBM brains this protective pathway was not activated. 

In addition, within the HIV+ group, we found differences between HAND and 

non-HAND individuals as well as between treated and non-treated individuals. HAND 

and non-HAND brains shared different numbers of perturbed signaling pathways with 

GBM brains: GBM and HAND brains shared more pathways and had more pathways 

validated by both differential expression tools, as compared to GBM and non-HAND 

brains (Figure 4.5). Differences between the treated and non-treated HIV+ groups 

included treated HIV individuals having fewer perturbed signaling pathways in common 

with GBM individuals (# of shared pathways = 7) as compared to non-treated HIV 

individuals (# of shared pathways = 11). In addition, pathways shared between the 

GBM+ group and the non-treated HIV+ group included more disease pathways than 

pathways shared between the GBM+ and treated HIV+ groups. These results indicate a 

greater similarity in neuropathogenesis between GBM brains and non-treated, HAND-

positive, HIV brains. 
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Ultimately, we hope our finding of key commonalities and differences in the 

molecular mechanisms underlying both disease states to help shed light on potential 

treatment options for both HIV and GBM individuals. 
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CHAPTER 5 

CONCLUSION 

 

 As we come to a better understanding of the two diseases, infectious disease due to 

HIV, and chronic disease due to GBM, we begin to appreciate how complex each is in its 

use of the human body in its own advancement. Both diseases have devastating effects on 

the brain, largely stemming from chronic inflammation in the brain, and in both, those 

affected suffer from a greatly reduced quality of life. HIV-associated neurocognitive 

impairment affects nearly 50% of the HIV population, and increases the risk of death in 

HIV individuals by several fold [1]. Glioblastoma multiforme is the most common brain 

tumor in the general population, and following detection of the tumor, GBM patients 

have a median survival rate of 14 months [2]. 

 

5.1 Advancing bioinformatics methodologies in epidemiology  

 It is essential we continue to advance and promote use of bioinformatics 

methodologies in epidemiology. There are still great steps, however, that need to be taken 

as a research community in order to ensure the development of accurate and useful 

computational tools and algorithms that meet the demands of disease research. This 

includes the creation and maintenance of public databases toward a sharing of high-

quality information between scientists. Equally as important as the sharing of biological 

data, including genomic, transcriptomic, proteomic, and metabolomic data, is the sharing 
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of rich clinical and experimental information with which to describe and contextualize 

these data. Meta-analyses, including the two studies detailed in this dissertation, still 

suffer from a lack of detailed clinical annotation in their efforts to make sense of the 

abundance of data that already exist. Good models of public databases that help ensure 

reproducibility include the Gene Expression Omnibus (GEO), a resource made available 

through the National Center for Biotechnology Information (NCBI) 

(http://www.ncbi.nlm.nih.gov/geo/). Researchers depositing data into GEO are asked to 

include raw and processed data into the database, along with associated experimental and 

clinical information. For this reason, for the second study of this dissertation our data 

collection efforts relied heavily on this resource. A second model of quality data sharing 

is the Los Alamos National Laboratory HIV Database (http://www.hiv.lanl.gov). The 

result of collaboration between the Los Alamos National Laboratory (LANL), the 

National Institutes of Health (NIH), and the Department of Health and Human Services 

(HHS), this publically available and HIV-specific resource is a great asset to the HIV 

research community. Not only does this database contain viral sequence data and 

associated clinical information, but also tools specific to viral sequence analysis, and as a 

resource we made use of in the first study of this dissertation, we would be remiss in not 

mentioning this as wonderful example of data sharing in the field of epidemiology. In an 

effort to support this movement, the database resulting from our first study has been 

made publically available for continued use by other infectious disease researchers. We 

anticipate this collection of viral sequence data and associated clinical information will be 

of great use in increasing HAND research efforts. 
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 A second challenge we face in bioinformatics is a lag in statistical methods to 

accurately assess rapidly changing data types. In the second dissertation study we 

demonstrated a sensitivity of results dependent on statistical methodology. We used two 

statistical tests of differential expression, the more classically employed moderated t-

statistic (limma), and the meta-analysis methodology of rank products (RankProd), and 

found our pathway results to depend on, both, the group assessed and the differential 

expression tool used. Use of limma in the HIV group resulted in more conservative 

estimates of significant signaling pathways than use of RankProd output, and the 

opposite effect was observed in our GBM group, with more conservative estimates of 

significant pathways using RankProd output. It is important that we continue to test the 

limits of current statistical tools and report these limitations back to the scientific 

community. 

 Finally, a third challenge lies in our ability to effectively and accurately bridge data 

types. In our second study, for example, both RNAseq and microarray data were 

available for patients with glioblastoma multiforme. For HIV individuals, however, these 

data were limited to only microarray data. While these are both forms of transcriptomic 

information, these two data types are distinct, and the statistical tools used to test these 

data equally as distinct. In addition, vast differences in experimental protocols used to 

generate these data types result in the introduction of biases specific to data platforms and 

to individual laboratories, a challenge in all meta-analysis research. In an effort to keep 

these biases to a minimum, we ultimately decided to limit our analyses to a single data 

type across our sample groups. Development of computational protocol and tools that 

allow for a more feasible and accurate merging of data types than currently possible will 
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allow investigators to imagine and test new and exciting questions that transcend 

technology types and periods. This ability, however, also hinges on the promotion of 

long-term storage options that allow public access to unprocessed data.  

 

5.2 Research challenges and implications for future work 

 While a meta-analysis approach allowed us to increase our sampling power, 

particularly in our study of the HIV brain, in both dissertation projects we encountered 

and worked through a number of restrictions imposed by this type of approach. First, 

while use of previously generated data allowed us to test our hypotheses with greater 

power than typical for an HIV research study, this reliance meant we had no control over 

experimental methodology. In our second study we took this variable into account by 

only evaluating transcriptomic data in the form of microarrays and only microarrays 

produced by a single platform. While this facilitated normalization across datasets, it also 

limited our sample sizes. In addition, in both studies we faced a lack of clinical 

information availability, again limiting the complexity of our analyses as well as our 

extrapolation of results. We were also hampered by prior sampling efforts, and in 

particular, by breadth of geographical sampling, a hurdle that needs to be addressed 

particularly in the HIV research community. In particular this would allow us to better 

understand differences in disease progression attributable to huge disparities in treatment 

options and treatment availability across countries, and even within a country across low 

and high-income areas, especially as severe forms of HAND continue to devastate the 

lives of untreated individuals.  
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 And finally, a lack of longitudinal data makes it difficult to precisely identify links 

between changes in the innate immune system and disease progression in both GBM 

development and HIV infection. 

 

5.3 Implications of these studies 

In our first study, we were able to achieve three primary goals. The first was 

development of a high-quality and richly annotated database to help advance research on 

HIV-associated neurocognitive disorders. As the largest publically available resource of 

its kind, we hope the HAND database will be of great use to the HIV research 

community. The second aim we were able to achieve was to increase the power and 

breadth of prior HIV tissue compartmentalization research to help clarify prior findings. 

Ultimately, we found tissue environment not to play a large role in viral evolution in 

general, but to potentially interact with particular regions of the genome independently. 

Finally, and again with increased sampling power and genomic breadth, we tested for 

viral genomic marker associated with HIV neurocognitive impairment, and in addition to 

validating prior markers, found novel markers of this disease. We hope this work will 

help advance our understanding of viral mechanisms that underlie HAND initiation and 

progression. 

In our second study, we were able to achieve two primary goals. The first was 

validation of anticipated pathway changes shared between the two diseases, infectious 

disease, HIV, and chronic disease, GBM, as based on prior research in their respective 

fields. Second, we found the cancer-related pathway, glioma cell death, as activated in 

HIV brains but not in GBM brains. Our additional finding of differential expression of 
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upregulator molecules controlling this mechanism offers potential molecular targets in 

GBM treatment development. Perhaps even more importantly, however, by testing 

beyond a single disease state we hope to have inspired other researchers to also utilize 

comparative analyses, and to have provided a rigorous and systematic methodology that 

will allow them to do so. 
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