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ABSTRACT 

 

Objective: The human immunodeficiency virus type 1 (HIV-1) currently infects over 30 

million people worldwide. It uses one of two main co-receptors to infect cells. The 

primary objective of this thesis is to evaluate genotypic and phenotypic assays for co-

receptor usage in the clinical setting and investigate approaches for improvement of these 

assays. 

Methods: The concordance of recombinant co-receptor phenotyping assays and the 

predictive ability of genotype-based methods including the ‘11/25’ rule, position specific 

scoring matrices (PSSMs), and support vector machines (SVMs) were evaluated in the 

clinical setting using patient-derived plasma samples. Samples and patient data were 

evaluated in cross-sectional analyses from a retrospective population-based cohort of 

HIV-infected individuals enrolled in the HIV/AIDS Drug Treatment Program in British 

Columbia, Canada. 

Results: Current implementations of HIV V3 region-based predictors for HIV co-

receptor usage tested on patient derived samples are inadequate in the clinical setting, 

primarily due to low sensitivities as a result of difficult to detect minority species. 

Recombinant phenotype assays also show discordances when tested against each other 

on the same set of patient derived samples, raising doubts if any of these assays can truly 

be considered a ‘gold standard’. Significant associations between clinical progression, 

viral sequence-based predictors of co-receptor usage and the output of recombinant 

assays are observed, suggesting that sensitivity can be improved by incorporating CD4% 
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into genotype-based predictors. This is verified with a SVM model which showed a 17% 

increase in sensitivity when CD4% was incorporated into training and testing.  

Conclusion: This work in this thesis has exposed the difficulty in determining the co-

receptor phenotype in the clinical setting, primarily due to minority species.  Although 

genotypic methods of screening for HIV co-receptor usage prior to the administration of 

CCR5 antagonists may reduce costs and increase turn-around time over phenotypic 

methods, they are currently inadequate for use in the clinical setting due to low 

sensitivities. Although the addition of clinical parameters such as CD4 count 

significantly increases the predictive ability of genotypic methods, the presence of low-

levels of X4 virus continues to reduce the sensitivity of both genotypic and phenotypic 

methods.  
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CHAPTER 1 

GENERAL INTRODUCTION AND THESIS OBJECTIVES 
 

1.1 Thesis Objectives and Organization 

This thesis is divided into seven chapters, and is prepared according to the 

University of British Columbia manuscript-based format. This first chapter provides a 

general introduction to HIV pathogenesis, structure and treatment. Chapter two is a 

detailed literature review about determining the HIV co-receptor phenotype in the clinical 

setting. Chapters three through six address main theses objectives as outlined below. 

Chapter seven discusses and summarizes the overall study results, and comments upon 

the implications and relevance of these findings in the context of the current state of 

knowledge. References are found at the end of each chapter.  

 

The general aim of this thesis is to evaluate the performance of genotype-based 

predictors of co-receptor usage, as well as recombinant co-receptor phenotype assays in 

the clinical setting with the purpose of investigating how they can be improved. All 

studies are population-based studies focused on a cross-sectional population of therapy 

naïve individuals. These studies evaluate the performance of currently available HIV 

envelope sequence-based algorithms for predicting HIV entry (chapter three) as well as 

the concordance between recombinant phenotype assays for determining HIV entry on 

patient-derived samples (chapter four). This is followed by an analysis of how known 

viral and clinical determinants of HIV entry correlate with the output of a recombinant 

phenotype entry assay (chapter five). The final chapter (chapter 6) includes an evaluation 
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of a modified envelope sequence-based algorithm which uses other clinical and viral 

determinants of HIV entry to improve performance on patient-derives samples.  

Chapters three through six each represent stand-alone manuscripts. Chapters three and 

four have already been published, while chapters five and six are currently in press in 

international, peer-reviewed journals. Journals in which the individual thesis chapters 

have been published include Journal of Clinical Microbiology and AIDS. Journals on 

which the individual thesis chapters are in press include Antiviral Therapy and AIDS 

Research and Human Retroviruses. The candidate is either the lead author (chapters 

three, and five), co-first author (chapter four) or second author (chapter six) on all 

manuscripts.   
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1. 2 Global Impact of the Human Immunodeficiency Virus  

 

Between June 1, 1981, and September 15, 1982, a total of 593 cases of acquired 

immune deficiency syndrome (AIDS) were reported in the United States [1]. In the 

subsequent year, a novel pathogenic retrovirus, belonging to the group of viruses know as 

human T-cell leukemia viruses (HTLV), was isolated in patients with AIDS and some of 

those at risk for developing AIDS [2,3]. Initially named HTLV type III (HTLV-III), this 

human retrovirus, subsequently designated as the human immunodeficiency virus type 1 

(HIV-1), was identified as a novel pathogenic retrovirus and the cause of AIDS [4-6]. 

Shortly afterwards, HIV-2 was isolated from Western Africa as an etiological agent of 

AIDS distinct from HIV-1 [7].  HIV would subsequently be responsible for a quickly 

growing pandemic. Between 1992 and 1996, AIDS was the leading cause of death in 

those aged 25-44 in the USA [8] (Illustration 1.1). By the end of 2006, a total of 39.5 

million people (37.2 million adults and 2.3 million children under 15 years of age) 

worldwide were estimated to be living with HIV, with sub-Saharan Africa representing a 

disproportionately large number of infections (24.7 million) [9]. During 2006, an 

estimated 4.3 million people worldwide were newly infected with HIV, and 

approximately 2.9 million people died as a result of AIDS associated infections. Almost 

three quarters (72%) of all deaths due to AIDS in 2006 occurred in sub-Saharan Africa 

[9]. In North-America, approximately 1.4 million adults and children are currently living 

with HIV/AIDS, with 18,000 new infections annually by the end of December, 2006 [9]. 

In Canada, the prevalence of HIV/AIDS was estimated at 58,000 by the end of 2005. This 

represented an increase of 16% over the 2002 estimate of 50,000, and included an 

estimated 15,800 people (27%) who were unaware of their infection status [10].  
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1.3 Viral Pathogenesis 

The hallmark of HIV-1 infection is the depletion of CD4+ T-lymphocytes, thus 

leading to immunodeficiency.  In the absence of antiretroviral treatment, infection and 

destruction of CD4+ T-lymphocytes impairs almost all facets of the adaptive immune 

system, leaving infected individuals progressively more susceptible to opportunistic 

bacterial, viral, parasitic and/or fungal infections, and eventually results in death.  

 

Worldwide, most new HIV infections are sexually transmitted [11]. During sexual 

transmission, the virus enters the body via the mucosal surfaces of the genital tract, and is 

believed to first come into contact with Langerhans cells present in the epidermis and 

mucosal epithelium, as well as macrophages present in the sub-mucosal tissues [12]. 

Freshly isolated Langerhans cells express CCR5, but not CXCR4, while macrophages 

express both CCR5 and CXCR4. It is believed that macrophages and dendritic cells 

contribute to continued pathogenesis by disseminating the virus throughout the body, 

where the virus then begins to productively infect CD4+ T-lymphocytes [13-16].  

 

The natural history of HIV disease progression varies widely between infected 

individuals (Illustration 1.2). Rare individuals may remain uninfected despite multiple 

exposures [17,18] while others progress to AIDS and death within a relatively short 

period of time (months to years) following infection [19]. In one circumstance, an 

individual appears to have cleared the virus completely [20], although it is still possible 

that latent virus may re-emerge. Certain individuals with specific human genetic factors 

and/or attenuated viral strains may remain symptom-free and maintain CD4 cell counts 
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greater than 500-600 cells/mm
3
 for greater than 7-10 years (one definition of long-term 

non-progression (LTNP)) [21-24], where the normal range for CD4 counts in 

seronegative (negative for HIV antibodies) individuals is between 500-1500 cells/mm
3
.  

During the natural course of infection, a patient’s plasma viral load (pVL), which 

measures the amount of HIV RNA in the peripheral plasma [25] increases sharply during 

primary or acute infection. This is usually accompanied by flu-like symptoms, named 

‘acute seroconversion illness’, although other more severe symptoms may also manifest 

[26]. The acute stage of infection is also accompanied by a significant drop in the CD4+ 

T-lymphocyte count, or CD4 count (a surrogate marker of immunological function in 

HIV-infected individuals [27]). The acute state of infection is followed by a subsequent 

increase in the CD4 count, mirrored by a drastic drop in the plasma viral load, 

establishing a viral ‘set point’, and marking the beginning of the asymptomatic phase of 

HIV infection [28]. The early stage of infection is characterized by continuous viral 

replication and a gradual loss of CD4+ lymphocytes, with CD4 counts remaining above 

500 cells/mm
3
 in approximately 50% of patients [8]. When CD4 counts range between 

200 and 500 cells/mm
3
 and symptoms are usually still absent or mild, the disease has 

progressed to intermediate stage of infection. After CD4 counts drop below 200 

cells/mm
3
, and at least one AIDS-defining illness is evident, infection has progressed to 

late-stage disease [29]. Late-stage disease is typically accompanied by a resurgence in 

plasma viral load to levels similar to those seen in primary infection. The current 

definition of AIDS, as classified by the U.S. Centres for Disease Control, is the diagnosis 

of an AIDS-defining illness, a CD4+ T-lymphocyte count of less than 200 cells/mm
3
 or a 

CD4+ percentage less than 14% [30].  
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1.4 Virus Structure and Replication 

HIV-1 is approximately 110 nm in diameter, consisting of a protein core or 

‘capsid’ surrounded by a lipid bilayer membrane or ‘envelope’. The three-dimensional 

structure of this lipid bilayer is held in place by underlying ‘matrix’ proteins. Most major 

structural and regulatory proteins necessary for viral replication and infectivity are 

encoded within two single strands of positive-sense RNA, each approximately 9700 base-

pairs long [31], encapsidated and stabilized by a nucleocapsid protein (Illustration 1.3). 

The HIV-1 genome is organized into three large open reading frames (gag, pol, and env), 

encoding the structural and non-structural components common to all replication-

competent retroviruses [32,33] (Illustration 1.4). The HIV-1 genome also includes 

reading frames for regulatory proteins (Tat and Rev), and accessory proteins (Nef, Vif, 

Vpr, and Vpu) [32,33]. The gag gene encodes the Gag polyproteins precursor (pr55) 

which is cleaved by the viral protease to produce the matrix (p17), capsid (p24), and 

nucleocapsid (p7) proteins, thus comprising the major structural components of the 

virion. The HIV-1 pol gene is encoded in a different reading frame than gag and is 

initially transcribed as a larger gag-pol polyprotein precursor (pr160) resulting from 

approximately 5-10% of all transcriptional events as a result of a ribosomal frameshift 

[34].  The pol gene encodes the major functional enzymes necessary for converting the 

viral RNA into proviral DNA, integrating the proviral DNA into the host genome and 

maturing the newly produced virus. These include the reverse transcriptase enzyme and 

ribonuclease H (RNaseH) domain, required for reverse transcription of the viral RNA, as 

well as the HIV integrase, the enzyme responsible for integration of the HIV proviral 

DNA into the host genome. The HIV protease is the viral enzyme required for the 
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maturation of new virions. The env gene also encodes a polyprotein precursor (gp160), 

which is cleaved by cellular proteases to produce the envelope glycoproteins, gp120 and 

gp41, which form the surface and transmembrane components of the HIV envelope, 

respectively [35].  

 

The HIV life cycle can be broken down into five main steps: binding and fusion 

of the free virion to the host cell; reverse transcription of the viral RNA into double 

stranded DNA (dsDNA); integration of the dsDNA into the host cell genome; 

transcription and assembly of viral proteins; and finally, budding and maturation of new 

virus. Binding and fusion are initiated when the CD4 binding domain of HIV gp120 

(envelope) contacts a CD4 receptor on the surface of a CD4-expressing cell [36] 

(Illustration 1.5). After binding to the CD4 receptor, HIV gp120 undergoes a 

conformational change by exposing another binding site [37]. This binding requires a co-

receptor on the cell surface to complete viral binding and fusion. These human 

chemokine co-receptors were identified as belonging to the seven transmembrane g-

protein coupled receptor family, later named CXCR4 and CCR5 [38-43]. While the 

CXCR4 receptor is expressed primarily on activated CD4+ T-lymphocytes, the CCR5 

receptor is expressed primarily on naïve and memory CD4+ T-lymphocytes and 

macrophages, which are the primary cellular targets of HIV infection. Rarely, other HIV 

co-receptors have also been identified to mediate infection of HIV-1 in vitro, but these 

are unlikely to play a significant role in infection in vivo [43].  
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Binding of the gp120 protein to the CD4 receptor and chemokine co-receptor 

induces a conformational change to the gp120 and gp41 envelope proteins resulting in the 

insertion of the hydrophobic gp41 fusion peptide (located at the N-terminus of gp41) into 

the host cell membrane. Virus-cell fusion is followed by the uptake of the viral core or 

capsid into the host cell cytoplasm. Once inside the cell, the viral core undergoes a poorly 

understood ‘uncoating’ process, whereby capsid protein molecules (p24) become 

partially dissociated and the viral genetic material, accessory molecules, and enzymes are 

released into the cytoplasm [32]. The HIV reverse transcriptase then converts the single-

stranded RNA template into double-stranded DNA (dsDNA), and a preintegration 

complex (PIC) forms. The PIC consists of the dsDNA, reverse transcriptase, integrase, 

Vpr and matrix proteins (p24) [44], and allows the virion components to cross through 

the nuclear membrane, resulting in infection of non-dividing cells [45]. Once inside the 

nucleus, the retroviral DNA is integrated into the host cell DNA through the concerted 

action of the viral integrase and host cell DNA polymerase as well as other host cell 

factors. The viral DNA can integrate at virtually any sequence; however, integration is 

more efficient in actively transcribed regions where the DNA may be more accessible to 

the integrase [46]. Once integrated, the viral DNA is referred to as proviral DNA, and 

serves as a template for the synthesis of viral RNA. HIV RNA transcripts are initiated at 

the 5’Long-Terminal Repeat (LTR), located at the 5’ end of the viral genome. During the 

early stages of infection, viral mRNAs encoding Tat, Rev and Nef accumulate. Tat 

increases the level of HIV mRNA transcription from the 5’ LTR, while Rev mediates the 

expression of full-length mRNA transcripts. These include full-length genomic RNAs, 

(for inclusion into new viral particles), singly and doubly spliced mRNAs, and 
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multicistronic (single transcripts encoding multiple proteins) mRNAs which serve as 

templates for the synthesis of structural, enzymatic and accessory proteins [34,47]. In 

contrast to Gag and Gag-Pol, the Env polyproteins are translated on ribosomes associated 

with the endoplasmic reticulum, allowing them to be cleaved by host cell proteases. This 

is followed by glycosylation, producing glycosylated Env precursor proteins (gp160). 

These precursor proteins are then transported to the Golgi Apparatus where the sugar side 

chains are processed [48]. Finally, the gp160 precursor protein is cleaved into gp120 and 

gp41 by the host protease furin during transport to the cell surface [49].  

 

After synthesis, the Gag (pr55) and Gag-Pol (pr160) polyproteins migrate to the 

host cell plasma membrane, targeted by the matrix domain (p24) of Gag [32], where the 

assembly of new viral particles takes place. The Gag proteins are also responsible for 

packaging several components of the virus particle, including viral RNA and the viral 

accessory protein Vpr. The Gag p6 protein, located at the 3’ end of Gag, includes the 

Late (L) domain responsible for mediating the release of immature virions from the 

plasma membrane [50]. The gp120-gp41 complex binds to the budding Gag shell in the 

plasma membrane. After the release of immature progeny virions, a final maturation step 

begins as the two protease domains (a homodimer) of the Gag-Pol precursor proteins 

become active and cleave themselves, and subsequently cleave the remainder of the Gag 

and Gag-Pol polyproteins, releasing them into their various constituents [51].  
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1.5 Antiviral Therapy: Brief History and Current Standard of Care  

Prior to the introduction of antiretroviral therapy, AIDS-associated mortality had 

steadily increased in North America and by 1994 eclipsed all other causes of death, 

becoming the leading cause of mortality for people aged 25-44 in the United States of 

America [8]. In the absence of antiretroviral treatment, the median time of survival for 

HIV-infected individuals was approximately 5 to 11 years, depending on age at 

serconversion [52], and the median survival time following an AIDS diagnosis was only 

9.5 to 12 months [53,54]. Zidovudine (AZT) was introduced as the first nucleoside 

analogue reverse transcriptase inhibitor (NRTI) (Illustration 1.6). NRTIs inhibit reverse 

transcription by terminating synthesis of the HIV DNA. AZT was responsible for 

increasing the survival time for patients with AIDS [55,56]; however, in symptom-free 

individuals infected with HIV, AZT monotherapy was not associated with a significant 

difference in disease progression, although patients treated with AZT did have higher 

CD4 counts than patients treated with a placebo [57]. The subsequent development and 

licensure of the NRTIs Didanosine (ddI), zalcitabine (ddC) and lamivudine (3TC) 

allowed for the introduction of dual-combination therapies, and resulted in improved 

clinical responses and survival when compared to AZT monotherapy alone [58-64]. 

However, it soon became obvious that mono and dual combination therapy lost their 

effectiveness after a relatively short period of time, largely due to the selection of drug 

resistant HIV variants [65-70]. During the mid 1990’s, additional drug classes were 

developed including the non-nucleotide reverse transcriptase inhibitors or NNRTIs 

(Illustration 1.7), which were capable of hindering the synthesis of HIV DNA through 

allosteric inhibition of the HIV reverse transcriptase enzyme, and the protease inhibitors 
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or PIs (Illustration 1.8), a drug class which prevents viral maturation by binding strongly 

to the active site of the HIV. These new classes were very effective at lowering plasma 

viral load concentrations in combination with NRTI regimens [71,72]. The safety and 

efficacy of these regimens allowed for the introduction, and subsequent universal 

recommendation of triple combination therapy. Triple combination therapy (also known 

as “Highly Active Antiretroviral Therapy”, or HAART) resulted in dramatic and 

sustained reductions in HIV-associated mortality and morbidity [72-76]. In addition, the 

introduction of protease inhibitors ‘boosted’ with ritonavir have resulted in well tolerated 

regimens that have superior activity compared to non-boosted PI regimens [77]. Boosted 

PI regimens have further increased the efficacy of HAART and are currently the most-

preferred method of administering protease inhibitors.   

 

Currently, there are a total 8 nucleoside or nucleotide analogue reverse 

transcriptase inhibitors (NRTI) developed and approved by the U.S. Food and Drug 

Administration (FDA) and/or Health Canada. These include zidovudine, didanosine, 

zalcitabine, stavudine, lamivudine, abacavir, tenofovir, emtracitabine, and combinations 

thereof. Protease inhibitors represent the second class of HIV antiretroviral agents. They 

currently include ritonavir, nelfinavir, indinavir, amprenavir, saquinavir, lopinavir, 

atazanavir, tipranavir, darunavir, and fosamprenavir. The third class of antiretroviral 

agents, the NNRTIs, include nelfinavir, delavirdine, and efavirenz. Most first line 

regimens include a ‘backbone’ of two NRTIs in combination with either a boosted PI or 

NNRTI [78]. A fourth class of antiretroviral agents which inhibits virus-cell fusion by 

interacting with HIV gp41 is represented by the peptide enfuvirtide (T20). Although this 
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drug is more inconvenient to take, it has often been used successfully in regimens where 

the patient has become resistant to first or second line regimens [79,80]. Combination 

pills such as Atripla, which includes efavirenz, emtricitabine and tenofovir provide 

patients with a much easier regimen to follow, which encourages strong adherence, one 

of the strongest known predictors of acquiring antiretroviral drug resistance [81-83]. 

Regimens which encourage strong adherence are important because no therapy ‘cures’ 

HIV infection, therefore therapy is lifelong.  
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1.6 Novel Therapeutic Options 

The development of novel antiretroviral agents which are effective against 

resistant strains as well as the development of novel drug classes is necessary in order to 

treat patients resistant to current regimens and ensure that future regimens remain 

available in case resistance develops. Some of these novel therapeutic classes include 

integrase inhibitors, such as raltegravir (Illustration 1.9) which suppress viral replication 

by inhibiting the integration step of the viral life cycle. Raltegravir is expected to be 

approved soon and in clinical trials, has demonstrated effective reductions in plasma viral 

load [84]. Another novel viral inhibition strategy has been to block viral entry via one of 

the chemokine co-receptors, CCR5 or CXCR4. Thus far, no CXCR4 antagonists have 

progressed beyond phase II of clinical trials; however, two CCR5 antagonists, mariviroc 

and vicriviroc (Illustration 1.10) have been shown to be effective at reducing plasma viral 

load in clinical trials [85,86], and maraviroc is expected to be approved shortly in 

Canada. Patients with a detectable CXCR4-using virus as determined by the Trofile Co-

receptor Assay (Monogram Biosciences) showed no appreciable decrease in plasma viral 

load while undergoing CCR5-antagonist based therapy (mariviroc) [87], thus indicating a 

need for HIV co-receptor usage screening prior to co-receptor-based therapy.  
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Illustration 1.1: AIDS was the leading cause of death in those aged 25-44 in the USA 

by the year 1992 
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Illustration 1.2: Natural history of HIV infection 

 
Adapted from Fauci T. et. al. Ann Intern Med. 1996 124(7):654-63
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Illustration 1.3: Structure of HIV  
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Illustration 1.4: HIV-1 genome, HXB2 strain 
 

 
Open reading frames are shown as rectangles. The gene start, indicated by the small number in the upper left corner of each rectangle normally records the 

position of the a in the atg start codon for that gene while the number in the lower right records the last position of the stop codon. For pol, the start is taken to be 

the first t in the sequence ttttttag which forms part of the stem loop that potentiates ribosomal slippage on the RNA and a resulting -1 frameshift and the 

translation of the gag-pol polyprotein. The tat and rev spliced exons are shown as shaded rectangles. In HXB2, *5772 marks position of frameshift in the vpr 

gene caused by an "extra" t relative to most other subtype B viruses; !6062 indicates a defective acg start codon in vpu; †8424, and †9168 mark premature stop 

codons in tat and nef. 

 

Adapted from Korber B. et. al. Numbering Positions in HIV Relative to HXB2CG, in the database compendium, Human Retroviruses and AIDS, 1998. 
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Illustration 1.5: HIV-1 life cycle 
 

 
 
Copyright (C) 2000,2001,2002  Free Software Foundation, Inc. 

51 Franklin St, Fifth Floor, Boston, MA  02110-1301 USA 

Everyone is permitted to copy and distribute verbatim copies 

of this license document, but changing it is not allowed. 
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Illustration 1.6: Chemical structure of the NRTIs Zidovudine and Lamivudine 
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Illustration 1.7: Chemical structures of NNRTIs Nevirapine and Delavirdine 
 

                      
 

 

                  Nevirapine        Delavirdine   
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Illustration 1.8: Chemical structure of the PIs Lopinavir and Nelfinavir 
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Illustration 1.9: Chemical Structure of the integrase inhibitor Raltegravir 
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Illustration 1.10: Chemical structure of the CCR5-antagonists Maraviroc and 

Vicriviroc 
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CHAPTER 2 

LITERATURE REVIEW: 

HIV CO-RECEPTOR PHENOTYPING IN THE CLINICAL SETTING1 
 

2.1 Introduction 

HIV co-receptor phenotyping has recently become an area of great relevance, 

largely due to the introduction of co-receptor antagonists which should not be prescribed 

unless the co-receptor tropism of the patient is correctly determined. New recombinant 

assays for HIV co-receptor usage have been developed for use in the clinical setting and 

have also been essential to the assessment of the epidemiology and clinical correlates of 

HIV co-receptor usage in large observational cohort studies. In addition, the development 

and evaluation of genotype-based predictive methods, which use bioinformatic and 

machine learning approaches to predict the HIV co-receptor phenotype from the HIV 

envelope genotype in a rapid and cost-effective manner, are also emerging as an area of 

intense interest. Development and training of genotype-based predictors, however, 

require large clinically-derived datasets for which both the co-receptor phenotype and 

HIV envelope genotype are known.  

 

This chapter will focus on the relevance of accurately determining the HIV co-

receptor phenotype in the clinical setting, and briefly describe an overview of historic 

and current assays for determining the HIV co-receptor phenotype and their associations 

with disease progression. In addition, genotype-based predictors of these assays and their 

associations with HIV clinical outcomes will be discussed.  

                                                 
1
 A version of this chapter will be submitted for publication 
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2.2 Chemokine Receptors and Viral Entry 

Binding of the CD4 receptor to the viral surface envelope protein, gp120, results 

in conformational changes in the envelope, however these changes alone are often 

insufficient to induce virus-cell fusion [1]. The requirement for a co-factor in conjunction 

with CD4 for HIV entry was demonstrated in studies showing that most human CD4-

expressing cells, as well as non-human CD4-expressing cells are not permissive to HIV 

infection [2-9]. In late 1995, Lusso and Gallo indicated that CC-chemokines were 

involved in inhibiting HIV-1 replication [10].  Early in 1996, Berger discovered that the 

chemokine receptor CXCR4 (originally known as “fusin”), was a necessary co-factor 

required for HIV infection of CD4 expressing cells [11-13].Viral isolates able to use the 

CCR5 or CXCR4 co-receptors in addition to CD4 to gain entry into host cells are 

referred to as CCR5 or CXCR4-using, respectively. In addition, viral isolates able to use 

both co-receptors are referred to as “dual-tropic”; the dual-tropic phenotype could 

represent an evolutionary transitional state between solely CCR5-tropic and CXCR4-

tropic virus [14]. 

 

The requirement of cellular co-receptors for viral entry was additionally 

demonstrated by the discovery that certain individuals possess a natural resistance to 

infection due to the presence of a rare 32 base-pair deletion in the CCR5 gene. This 

“CCR5∆32 mutation” causes a frameshift mutation resulting in a premature stop codon, 

leading to the formation of a severely truncated protein which is not expressed on the cell 

surface [15,16]. Individuals homozygous for the CCR5∆32 mutation are largely 

“resistant” to infection with CCR5-using strains of HIV [17,18], although others report 



 44 

no correlation between CCR5 surface expression and co-receptor usage [19].  Individuals 

heterozygous for the CCR5∆32 mutation are not protected against HIV infection, but do 

appear to have a decreased rate of disease progression once infected [17,18,20]. 

 

The levels or cell surface density of both HIV co-receptors as well as CD4 

receptors appear to have a significant effect on viral fusion and infection [21]. Infection 

via the CCR5 co-receptor occurs more efficiently when cell surface concentrations of 

CD4 are increased, indicating that only low levels of CCR5 are necessary when cell 

surface levels of CD4 are high [21]. Conversely, at a lower CD4 concentration, larger 

amounts of CCR5 are necessary to achieve the same high efficiency of infection [21]. 

The levels of CD4 and co-receptor expression can vary from 2 to 5 fold between donors 

[22]. Although CXCR4 is generally expressed on a higher percentage of total 

lymphocytes compared with CCR5, the levels of CCR5 expression appear to be near 2.5 

fold greater [22], suggesting that although there may be more cellular targets which 

express the CXCR4 co-receptor, infection via the CCR5 co-receptor may be more 

efficient.  
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2.3 History of Co-receptor Assays 

The ability to induce the formation of multinucleated giant cells, or “syncytia”, in 

peripheral blood mononuclear cells (PBMC) was discovered to be a stable transmissible 

phenotypic property exhibited by specific HIV strains in 1987 [23]. Indeed, the first in 

vitro assays developed to assess the HIV co-receptor phenotype was the SI (“syncytium 

inducing”) assay. This assay was based on the ability of a viral isolate to induce 

syncytium formation in cultures of peripheral blood mononuclear cells [23-25]. Viral 

isolates able to form such syncytia were classified as “SI” (syncytium-inducing), whereas 

those unable to do so were classified as “NSI” (non-syncytium-inducing). Later it was 

noted that isolates capable of forming syncytium in PBMC culture, in general, displayed 

the ability to infect T-cell lines [25], while non-syncytium inducing isolates, in general, 

displayed a much greater capacity to infect monocyte-derived macrophages (MDM), 

leading to the nomenclature “T-tropic” and “M-tropic”, respectively. 

 

In order to reliably differentiate between SI or NSI HIV variants, a MT-2 cell line 

assay was developed to be a sensitive, specific and higher-throughput method [26,27]. 

The MT-2 cell assay isolates virus from HIV seropositive donors by cocultivation with 

stimulated PBMCs from seronegative donors [26-28]. Note that the ability to replicate in 

PBMCs is not exclusively linked to the SI phenotype in the MT-2 cell assay. Isolates 

must also be able to induce cytopathic changes and demonstrate increasing levels of 

HIV-1 antigen in cell culture in two consecutive samples [28]. The appearance of SI 

virus in the MT-2 cell assay in untreated individuals is followed by a steeper decline in 
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CD4 cells and a more rapid progression to AIDS in comparison to individuals with non-

syncytium inducing virus (NSI) [24,29-34].  

 

Although the MT-2 cell assay has been shown to be an accurate measure of HIV 

co-receptor usage, as well as a prognostic marker of disease progression, the length of 

time and labor required for the MT-2 assays limited its use as a functional, clinically 

relevant assay. A more recent innovation, therefore, was the development of more 

convenient and efficient phenotypic co-receptor usage assays, which classified viral 

isolates based on their ability to gain entry into CD4+ T-cells via either the CCR5 and/or 

CXCR4 co-receptors, leading to the nomenclature “CCR5-using” , “CXCR4-using”, or 

“dual/mixed” tropism. Generally, CXCR4-using isolates are “SI” and CCR5-using 

isolates are “NSI”, however, some disparity exists. One of the earliest phenotypic co-

receptor usage assays used GHOST cells (derived from human osteosarcoma (HOS) cell 

lines ) as an indicator cell line: these cells were engineered to express CCR5 and/or 

CXCR4, and carried an HIV-1 tat-inducible (HIV-2 LTR) green fluorescent protein 

(GFP) expression cassette [35,36]. However, the HOS cell lines expressed low levels of 

endogenous CXCR4 on their surface which can lead to false positive results for the 

CXCR4-using phenotype [37]. 

 

  The most recently developed assays for determining the HIV co-receptor 

phenotype are recombinant co-receptor phenotype assays. These assays co-transfect all 

or part of a patient-derived HIV envelope, with a stock, envelope deficient virus 

engineered to express a reporter gene upon successful infection. The produced virions are 
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capable of only a single round of infection and are used to infect human glioma cell lines 

(U87, U373) engineered to express CD4 in addition to CXCR4 and/or CCR5. These cell 

lines have no endogenous CXCR4 or CCR5 expression and therefore have very low 

background infectivity levels [37]. This approach, however, is not without possible 

drawbacks. Interactions with the stock gag vector and the patient derived envelope may 

affect pseudotyping efficiency and variation in toxicity of different envelopes in the 

producer cells [37]. Also, the use of U87 cell lines engineered to express CD4 and either 

CXCR4 or CCR5 may not represent co-receptor densities in vivo. 

 

There are currently two commercially available recombinant co-receptor 

phenotype assays. These are the Trofile Co-receptor assay by Monogram Biosciences 

[38], and the Tropism Recombinant Test assay by VIRalliance [39]. Another HIV co-

receptor assay will also soon to be made available by Virco [40]. Infection of cell lines is 

detected using a reporter gene (β-galactosidase for the VIRalliance TRT and Luciferase 

for the Trofile and Virco assays). Results are then reported as R5, X4 or R5/X4 

(dual/mixed), based on the dose-dependent decrease in reporter output after the addition 

of a strong co-receptor antagonist. These assays have been shown to be effective at 

detecting minority species of CXCR4-using virus at levels as low as 5-20% [41], 

although these results are likely achieved using idealized, highly CCR5-capable or 

CXCR4-capable strains. The Monogram Trofile assay was used exclusively as the assay 

for clinical trials of the new CCR5 antagonist, maraviroc [42-45]. However, the 

concordance between the Monogram Trofile assay and the TRT assay has been estimated 

at approximately 85% [46], and no results have yet been published on the repeatability of 
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these assays on identical, clinically derived samples, shedding some doubt on whether 

any of these assays can reliably be considered a ‘gold-standard’ in the clinical setting. 

Although all co-receptor assays discussed are well-validated, they are not necessarily 

comparable, and should prompt users of this data to be aware of the potential for bias and 

discordance between reported results.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 49 

2.4 Co-receptor Phenotype over the Natural History of HIV 

Infection and Theories on the Co-receptor Switch 

 

Monocytotropic, non-syncytium-inducing isolates are detectable in over 95% of 

HIV infected individuals during the early asymptomatic phase, while isolates with 

syncytium-inducing capability emerge over the course of infection, and are detectable in 

approximately half of untreated HIV-infected individuals progressing to AIDS 

[24,25,34,47]. Seroconverter studies suggest that although transmission of SI strains may 

occur, these SI are likely outcompeted by their NSI counterparts shortly after the 

transmission event [48,49], suggesting that NSI variants have a selective advantage under 

conditions where immune function is not yet severely compromised [50]. Large scale 

population based studies also indicated that approximately only 18% of HIV variants 

isolated from the plasma of drug-naïve, chronically infected individuals have the ability 

to use the CXCR4 co-receptor, while virus from the remaining individuals use the CCR5 

co-receptor exclusively [51-53]. This has also been found to be the case in recent 

seroconverters [54]. However, in the advanced stages of HIV infection, CXCR4-using 

variants may be detectable in up to 50% or more of patients [52].  

 

Although the factors mediating the R5-to-X4 "phenotype switch" are 

incompletely understood, the consequences of this "switch" may be quite severe with 

respect to clinical prognosis. The emergence of SI (or, in other studies, CXCR4-using) 

virus is associated with a rapid CD4 cell count decline, accelerated disease progression, 

and reduced survival time in untreated individuals [24,31,33,55-57]. The mechanisms 

whereby X4 viruses contribute to accelerated disease progression and a poorer prognosis 
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in HIV-infected individuals are incompletely understood, however, evidence suggests 

that X4 viruses are able to directly infect and kill CD4+ T-cells and indirectly kill CD8+ 

T-cells via a mechanism mediated by the CXCR4 chemokine receptor [58]. In addition, 

X4 strains have been shown to block specific immune responses that are not blocked by 

R5 strains, thereby directly contributing to a decline in immune function [59]. Recent 

evidence suggests that the co-receptor switch is both a cause and effect of low CD4 

count, due to an increase in the ratio of CXCR4 to CCR5 expressing T-cells as HIV 

infection progresses [60], however, it remains largely unresolved if X4 virus is a cause 

and/or emerges as a consequence of immune depletion [59-64].  

 

The reconstitution of the immune system does not decrease the levels of CXCR4-

using virus, and patients on successful antiretroviral therapy who have significant 

increases to their CD4 counts do continue to have detectable CXCR4-using virus [53]. 

These results suggest that the nadir (lowest recorded) CD4 count should be the one used 

when associating the presence or absence of CXCR4-using virus with CD4 count levels 

in therapy experienced individuals. In the context of artificial, drug-mediated selection 

pressure, the CCR5 antagonist maraviroc did select for pre-existing X4 variants which 

were previously undetectable at screening [42]. This reinforces the suggestion that even 

in samples with purely CCR5-tropic virus, CXCR4-capable virus may be circulating as 

minority species. Importantly, it indicates that even low levels of CXCR4-capable virus 

may be sufficient to render CCR5-antagonist based therapies ineffective. 
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The lack of CXCR4-using virus during the earlier stages of disease is likely a 

result of many contributing factors [65]. From a purely mathematical point of view, if the 

majority of the infected population is infected with CCR5 tropic virus, it would be 

expected that CCR5-using strains would be the most prevalent virus transmitted. Even if 

an individual is characterized as having a CXCR4-using virus, this virus will likely be 

present as a minority species, limiting the probability that transmitted virus will be 

CXCR4 tropic. There are also many biological factors involved as well, including 

preferential expression of CCR5 on Langerhans cells [66], and preferential trapping and 

inactivation of X4-virus by mucin and other innate antiviral proteins [67-70]. 

Macrophages, which have been shown to provide a more persistent viral reservoir in the 

face of a cytotoxic lymphocyte response [71], provide a greater pool of susceptible 

targets for R5 virus than X4 virus [65,71]. Dendritic cells have also been observed to 

show preferential binding for R5 virus over X4 virus, thereby increasing the opportunity 

for R5 virus transmission through the lymph nodes [72,73]. Recent studies have 

identified a novel, conserved gp120-neutralizing epitope that is cryptic in R5 variants, 

but is constitutively accessible to neutralizing antibodies in X4 (or R5X4) variants 

[65,74]. Any of these mechanisms alone have been postulated to provide only low levels 

of resistance to CXCR4-using virus, however, the synergistic operation of these and 

other imperfect barriers to CXCR4-tropic has been proposed as a very likely mechanism 

for the high prevalence of CCR5-tropic virus in all stages of HIV-infection [65]. Even in 

HIV-infected patients with CCR5-using virus only, CXCR4-tropic virus may be 

circulating as a rarely encountered minority species and/or be seeded in different 

lymphatic compartments such as in the gut-associated lymphatic tissue (GALT), which is 
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known to harbor cells with a preponderance of both CCR5 and CXCR4 co-receptors 

[75], and is an important early target of HIV replication and a site for severe CD4+ T-cell 

depletion [68,76].  
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2.5 Genotypic markers of co-receptor usage 

HIV-1 co-receptor tropism is determined by the env gene [77-81], which encodes 

the gp120 (surface) and gp41 (transmembrane) envelope glycoproteins. The gp120 

surface protein is organized into five hypervariable domains, designated V1-V5, 

interspersed with conserved regions [40,82]. The third hypervariable loop, or V3 loop of 

the gp120 surface protein, contains the most predictive genotypic determinants of SI or 

NSI tropism [83,84], although it has been demonstrated in molecular clones that the V1-

V2 region may also be involved in determining SI capacity in MT-2 cells [85]. One of 

the most commonly observed quantitative genotypic changes associated with a 

phenotypic switch from NSI to SI viral strains is an increase in the positive charge of the 

V3 loop [83,86]. Specifically, a point mutation analysis indicated that positively charged 

residues (lysine or arginine) at either positions 306 or 320 in the proviral clone HXB2 

(V3 positions 11 or 25) were causally involved in determining SI capacity [83]. A 

polymerase chain reaction (PCR) based assay was later demonstrated to be a sensitive 

and reliable method for quickly determining the HIV-1 SI phenotype based on the V3 

genotype [87]. This method, termed the ‘11/25’ rule, has been cited as a sensitive 

genotypic method of determining SI or NSI HIV-1. The ‘11/25’ rule has high sensitivity 

and specificity (>90%) for determining the SI/NSI phenotype from clonal data [88], but 

its sensitivity for predicting the R5/X4 phenotype is reduced to <60% on clonal data and 

<40% on population-based, clinical data at the same specificity [87-90]. In addition, the 

‘11/25’ rule has also been shown to be an independent predictor of HIV disease 

progression during therapy [91], while the X4 phenotype (as determined by the 

Monogram Trofile assay) has not [92]. 
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   It has been demonstrated through an exchange between X4 and R5 V3 domains in 

envelope constructs that the principal region in gp120 that is generally both necessary 

and sufficient to mediate CXCR4-dependent infection of T-lymphocytes is the V3 region 

[93,94]. However, productive infection of primary macrophages via the CXCR4 co-

receptor requires CXCR4-associated mutations in the V3 domain in combination with 

complex determinants in gp120 outside the V3 loop [95,96]. Different mutations or 

substitutions in the extracellular domains of CXCR4 or CCR5 appear to have very 

different effects in different HIV-1 strains suggesting that not all gp120 envelope 

proteins have the same requirements for binding and infection with their co-receptors 

[97]. These results indicate the difficulty of mapping multiple pathways of CXCR4 or 

CCR5 tropism based on the V3 loop and its context within the sequence of surrounding 

envelope protein, and also illustrates why methods such as the simple ‘11/25’ rule do not 

work in all situations. More complex methods which use the V3 loop genotype to predict 

HIV co-receptor tropism have resulted in increased sensitivity over the ’11/25’ rule (at 

the same specificity). These include regression methods [98], a position specific scoring 

matrix (PSSM) [99], as well as machine learning methods, including neural networks 

(NN) [90], and support vector machines (SVM) [100,101]. These methods use ‘training’ 

data, or sequence information with known co-receptor affinity to produce weightings or 

associations based on the presence of certain amino acids at codons in the V3 loop. 

However, sequence information alone is often not enough for clinically derived samples. 

New methods for predicting CXCR4-usage improve their predictive ability by using 

other genotypic information, such as the presence or absence of insertions and deletions 

in the V3 loop as well as immunological status as measured by CD4 count of CD4% 
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[102]. In addition, the predicted V3-loop structure has been shown to improve the 

predictive ability of genotype-based predictors [103].  
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2.6 Relevance and Limitations of Co-receptor usage in the era of 

Co-receptor Antagonists 

 

The anticipated licensing of CCR5 antagonists as treatments for HIV infection 

[43,45,104-107] have greatly increased the necessity for assays to accurately determine 

HIV co-receptor usage. Specifically, clinical trials with CCR5 antagonists have indicated 

that patients with detectable CXCR4-using virus are unlikely to show a significant 

decrease in viral load in response to CCR5 antagonists [44], thus necessitating the 

determination viral co-receptor usage prior to initiation of co-receptor antagonist-based 

regimens. However, the inability to accurately detect CXCR4-using virus present as a 

minority species presents challenges for both phenotype and genotype-based methods of 

determining co-receptor phenotype in patient-derived samples [46]. Genotype-based 

methods performed on population based samples, or ‘bulk’ sequence data, will often 

result in sequence ambiguities or ‘mixtures’ in the genotype. Often low level mixtures at 

levels below 10-25% [108-111] are not detected and therefore, CXCR4-using virus, 

which may often exist as a minority species, can be overlooked. Recombinant 

phenotyping methods are also subject to the limitation of detecting minority species in 

populational samples at levels between 10-20% [112].  

 

Initially, there was concern that resistance to co-receptor inhibitors may involve a 

‘switch’ to predominantly CXCR4-using virus, thus resulting in  accelerated disease 

progression as observed with the appearance of CXCR4-using virus during the natural 

history of the disease [106]. Initially, this hypothesis was supported by some in vitro 

evidence, where X4-variants were selected for during culture with a chemically modified 
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analog of the CCR5 analog RANTES [113]. In vivo support includes observations 

indicating that individuals with naturally occurring CCR5∆32 mutations [18,114-116] , 

and therefore reduced levels of CCR5 expression, are more likely to harbor CXCR4-

using virus than those with CCR5 wild-type alleles [89,117,118], although a longitudinal 

analysis of co-receptor expression five years after seroconversion did not indicate an 

association between the emergence of CXCR4-capable virus and levels of co-receptor 

expression on target cells [119].  

 

Despite the concern that CXCR4 virus could emerge de novo in response to the 

administration of CCR5-antagonists, recent evidence suggests that resistance to CCR5-

antagonists occurs via the selection of virus that is often still capable of utilizing 

inhibitor-bound CCR5. The appearance of this virus involves the ordered accumulation 

of mutations in the viral envelope, both in the V3 and elsewhere in gp120 [120]. Further 

evidence for resistance to CCR5 antagonists to occur via continued usage of the CCR5 

co-receptor includes recent studies which have described resistance to AD101 (a 

precursor of the CCR5 antagonist Vicriviroc) to be conferred by four amino acid 

substitutions in the V3 region, allowing the virus to continue to enter primary T-cells via 

CCR5 [121-123]. It has also been suggested that these mutations do not come at a cost to 

fitness, resulting in a virus that will most likely remain resistant to these agents 

indefinitely [124]; however, this study is based upon evidence obtained from the use of a 

single CCR5-antagonist only. Together, these studies suggest that when CXCR4-using 

virus does emerge, it does not appear to be the result of a viral ‘switch’ from a CCR5-

tropic clone under the selection pressure of CCR5 antagonists. Rather, CXCR4-virus 
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most likely emerges as an outgrowth of a pretreatment CXCR4-using reservoir [125]; 

however, when therapy is discontinued, the virus sampled in the peripheral plasma 

appears to revert back to CCR5-using virus [125]. Whether the CXCR4-using virus 

which emerges as a result of exposure to CCR5-antagonists results in more advanced 

disease progression, is still unknown, and remains an important question in the context of 

CCR5-antagonist therapy. 
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2.7 Summary 

The HIV envelope faces multiple evolutionary pressures in vivo. It must escape 

from neutralizing antibodies, as well as bind and infect cells with differing levels and 

types of target cell receptors; both between individuals during transmission and within 

individuals during disease progression. This high level of variability makes sensitive and 

repeatable assays for co-receptor usage based on the HIV envelope of patient derived 

samples very challenging. In addition, it is still unknown if free floating virions in the 

peripheral plasma represent the most ideal viral samples with which to determine 

tropism. Increased sensitivity may be obtained from sampling different cellular or 

physical compartments, such as macrophage associated virus, or T-cell associated virus 

in the GALT.  

 

The introduction of CCR5 antagonists have resulted in increased demand for 

efficient, quick and accurate assays of HIV co-receptor usage. Previous assays based on 

MT-2 cells, although clinically useful for understanding the effect of syncytium-inducing 

virus on disease progression have been mostly replaced by recombinant assays, which 

are designed to determine if virus can enter cells expressing very specific types and 

levels of CD4 and CCR5 or CXCR4. However, low levels of CXCR4-capable minority 

species present in patient-derived samples, and the high rate of variability in the HIV 

envelope, have created challenges for making repeatable co-receptor phenotype assays. A 

greater understanding about the significance of the magnitude of reporter output used to 

indicate successful infection, such as the relative light units (RLU) in the Trofile assay or 
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the colorimetric measure of β-galactosidase in the TRT assay, may improve our 

interpretation of the results of these assays. 

 

Genotype-based predictors could be used to complement the use of current co-

receptor phenotype assays or, if their sensitivity can be significantly increased, replace 

them. Importantly, it is likely that response to CCR5-antagonist therapy could be directly 

predicted from the HIV envelope genotype (or co-receptor phenotype), and therefore 

using genotypic data to predict response to CCR5 antagonist-based therapies may be 

much more relevant than predicting the HIV co-receptor usage itself. However, whether 

the predictive power of using the V3-loop alone is sufficient or must be increased by 

using other clinically relevant determinants as well as genotypic determinants within 

gp120 and gp41 in combination with the V3 loop has yet to be completely determined, 

and is a major component of this thesis.  
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CHAPTER 3 

CURRENT V3 GENOTYPING ALGORITHMS ARE INADEQUATE 

FOR PREDICTING X4 CO-RECEPTOR USAGE IN CLINICAL 

ISOLATES2
 

3.1 INTRODUCTION 

HIV gains entry into CD4-expressing cells using the CXCR4 and/or CCR5 co-

receptors [1-5]. The capacity to use CXCR4, measured by the ability of the virus to form 

syncytia in CXCR4 expressing MT-2 cells [6] has been associated with rapid CD4
 

decline, accelerated disease progression, and reduced survival time in untreated 

individuals [7-9]. Accurately determining co-receptor tropism is of current clinical 

concern, especially in the context of screening patients prior to CCR5 antagonist-based 

therapies, as patients with detectable CXCR4-using virus do not show a significant 

virological response when administered CCR5 antagonists [10-12].  

 

HIV co-receptor use in clinical samples is most commonly determined using a 

recombinant phenotype assay [13,14]. Although highly accurate on clonal samples, when 

these assays [13,14] were compared using clinically derived samples, they showed an 

85.1% concordance with each other [15], with discordances likely due to low level 

minority species [15]. Bioinformatic predictors based on viral genotype may be able to 

                                                 
2
 A version of this chapter has been published as:  

Low AJ, Dong W, Chan D, Sing T, Swanstrom R, Jensen M, et. al. Current V3 genotyping algorithms are 

inadequate for predicting X4 co-receptor usage in clinical isolates. AIDS. 2007;21(14):F17-F24.  

© Lippincott Williams & Wilkins 
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predict co-receptor usage in a more cost-effective and timely manner. The ‘11/25’ charge 

rule [16], which is based on the presence of positively charged amino acids at positions 

11 and/or 25 of the third hypervariable loop (V3 loop) of the envelope glycoprotein 

gp120, is a simple genotypic predictor of syncytium-inducing (SI) HIV and has been 

shown to be associated with reduced CD4 response and decreased survival time 

following the initiation of HAART [17]. Although the ‘11/25’ rule displays >90% 

sensitivity and specificity for predicting the SI phenotype on clonal HIV sequences [18], 

this sensitivity is reduced to <60% for predicting the X4/R5 phenotype on clonal data 

and is further reduced when tested on ‘bulk’ (population-based) sequences from 

clinically derived samples [18-21]. Other published bioinformatic methods, such as 

support vector machines (SVM) [22,23], neural networks (NN) [21], and position 

specific scoring matrices (PSSM) [24] have also demonstrated relatively high 

sensitivities for predicting SI HIV (SVM=75%; NN=90%; PSSM=93%), and with a 

modest decrease in sensitivity, CXCR4-using HIV (SVM=67%; NN=75%; PSSM=62%) 

when tested on sequences derived from clonal samples [18]. 

 

The use of CCR5 antagonists requires screening for co-receptor usage prior to 

their use. The requirement for screening could result in publicly available genotype-

based predictors developed for HIV clones being used for clinical screening purposes. 

However, the heterogeneous nature of the HIV viral population sampled in the peripheral 

blood of HIV-infected patients creates difficulty in determining co-receptor usage with 

both genotype and phenotype based approaches. Genotypic methods trained on clonal 

data may not be able to accurately interpret sequence ambiguities present in ‘bulk’ 
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population-based sequence data, and minority species may be lost during PCR 

amplification for both genotype and phenotype based approaches.  

 

In this study, we compared the sensitivities and specificities of 5 publicly 

available co-receptor predictors, which use V3 genotype, including the ‘11/25’ rule [16], 

two PSSM’s (PSSMSI/NSI, and PSSMX4/R5 [24], a NN, and two SVM’s (SVMgenomiac [22], 

and SVMgeno2pheno [23]) for predicting CXCR4 co-receptor phenotype (Monogram 

‘Trofile’ assay).  
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3.2 METHODS 

Study subjects: the British Columbia HOMER cohort 

The present study represents a baseline cross-sectional analysis of the ‘HOMER’ 

[25] cohort, where V3 genotypes and co-receptor phenotypes were determined prior to 

the initiation of HAART [17,19]. Plasma viral loads, CD4 counts as well as genotypic 

and phenotypic parameters represent the latest pre-therapy measurements collected in the 

180 days prior to HAART initiation [25].   

 

Determination of baseline HIV co-receptor phenotype  

The Trofile assay, performed at Monogram Biosciences [13] has previously been 

used to assess co-receptor phenotype in the latest pre-therapy plasma sample for each 

subject and the clinical predictors of the co-receptor phenotype were described [19]. 

Briefly, a RT-PCR product spanning the entire gp160 is digested, purified and ligated 

into an E. Coli expression vector, and gene libraries are constructed. Recombinant 

viruses are harvested after 48 hours and assessed for their ability to infect U87-CD4 cells 

expressing CCR5 or CXCR4, as determined by a luciferase read-out measured in 

Relative Light Units (RLU) on each of the cell lines. The Trofile assay classifies samples 

as CCR5-using, CXCR4-using or “DM” (indicating dual and/or mixed-tropic virus) 

based on confirmation of decreased RLU values by 50% or more upon addition of 

specific co-receptor inhibitors.  Phenotypic data from 977 isolates were available, with 

799, 177 and one characterized as R5, R5/X4 (DM) and X4-only, respectively, with a 

higher prevalence of X4-capable virus being detected in individuals with lower CD4 cell 
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counts [19]. Here, isolates phenotyped as “DM” or “X4” were combined and designated 

as “DM” for the remainder of analyses; CCR5-only using virus is referred to as R5. 

 

Determination of corresponding baseline envelope V3 sequence  

Aliquots of the same baseline plasma samples were used to determine ‘bulk’ 

population HIV V3 envelope sequence as described [17]. Matched baseline co-receptor 

phenotypes and V3 genotypes were available for 953 of 1188 (80.2%) HOMER subjects. 

Sequences with more than 7 amino acid mixtures in the V3 were excluded due to 

combinatorial factors (alignment and submission to online algorithms was either not 

possible or was prohibitively time-consuming), leaving 920 samples with matched 

baseline co-receptor phenotype and genotype (GenBank accession EF 637088-

EF638007). V3 sequences with nucleotide mixtures were translated into all possible 

amino acid permutations, resulting in 5512 unique V3 amino acid sequences, as well as 

all possible nucleotide permutations, resulting in 11,447 unique V3 nucleotide sequences, 

referred to as the amino acid and nucleotide datasets, respectively. Sequence alignments 

were performed using MUSCLE [26], followed by visual inspection.   

 

Bioinformatic Predictions 

After alignment, sequences with positively charged amino acids at codons 11 

and/or 25 of the V3 loop, associated with an HIV syncytium-inducing (SI) phenotype, 

were classified as having an ‘11/25’ genotype. Data from the NN [21] had been 

previously collected [17], with no changes to the algorithm made since. The PSSMX4/R5, 
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which is the PSSM trained with X4 and R5 data, and PSSM SI/NSI, which is the PSSM 

trained on SI and NSI data, available at: 

http://ubik.microbiol.washington.edu/computing/pssm/ (February 2007) [24], use 

unaligned sequence data from the amino acid dataset as an input, and output categorical 

(R5 or X4) scores as well as a continuous output variable, which will be referred to as the 

PSSM score. The SVMgenomiac, available at: 

http://genomiac2.ucsd.edu:8080/wetcat/v3.html (February 2007) [22], outputs a 

categorical score (CCR5 or CXCR4) and uses the amino acid dataset aligned to the 

following standard, “CTRPNNNT-RK*I*I--GPG*AFY*-TG*I-IGDIRQAHC”, 

where (*) indicates any amino acid or gap. The SVMgeno2pheno available at: 

http://coreceptor.bioinf.mpi-sb.mpg.de/cgi-bin/coreceptor.pl (February 2007) [27] also 

outputs a categorical score (R5 or X4) and uses the unaligned nucleotide dataset as an 

input. For this analysis, the default false positive rate of 0.1 was chosen to yield a 

specificity of approximately 90%. Another more recent version of this SVM was also 

developed to include clinical data (CD4%, number of sequence ambiguities, host 

CCR5∆32 heterozygosity, and presence of insertions/deletions) as input variables [28]. 

This model was compared to the previous SVM to determine the impact clinical markers 

have on co-receptor prediction. For all predictors, a sample was scored as being X4 if 

≥25% of all expanded sequence permutations were classified as X4 [17].  

 

Clonal analysis for low level detection of minority X4-capable variants 

Cloning of amplified PCR product was performed using the Invitrogen TOPO TA 

cloning kit (catalog # K4550-40, Burlington, Ontario, Canada), containing the PCR 2.1-
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TOPO vector with chemically competent TOP10F’ one shot cells, according to package 

instructions. Clones (N=48) were picked for 8 samples chosen to address whether ‘bulk’ 

sequencing methods contained undetected, low level minority variants. Sequencing was 

performed on the population sample as well as all viable clones using standard automated 

sequencing techniques [17]. 
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3.3 RESULTS 

 V3 genotypes of known co-receptor tropism phenotype (N=920) were submitted 

to six different V3 genotype-based algorithms. The initial sensitivity and specificity of 

the ‘11/25’ rule (31% sensitivity/93% specificity), NN (44%/88%), PSSM(sinsi) 

(34%/96%), PSSM(x4/r5) (24%/97%), SVMgenomiac (22%/90%) and SVMgeno2pheno 

(50%/89%) demonstrates that although specificities for all genotype-based methods were 

high, the sensitivities for all methods when tested on clinically derived samples were 

relatively low (Table 3.1). The PSSMs provide a raw score (PSSM score) in addition to 

the categorical predicted phenotype which, after averaging over all permutations, 

provided a single PSSM score for each sample. This PSSM score could be optimized 

with receiver-operating characteristic (ROC) curves by reducing the specificity to 90%, 

resulting in a sensitivity of 43.7% (cutoff = -5.93) for the PSSMSI/NSI and 43.7% (cutoff = 

-8.12) for the PSSMx4/r5. Adjusted sensitivities and specificities represented by a more 

aggressive approach for the ‘11/25’ rule (31% sensitivity/92% specificity), PSSM(sinsi) 

(38%/95%), PSSM(x4r5) (27%/96%), SVMgenomiac (24%/88%) and SVMgeno2pheno 

(50%/89%) were calculated by categorizing a sample as X4 if any of its sequence 

permutations were scored as X4 (included in Table 3.1). This method could be applied to 

both SVM and PSSM methods, but not the NN. In addition, the PSSM methods were 

further optimized by assigning each sample the highest PSSM score (most likely to be 

X4) of all its permutations, instead of the average PSSM score. Using ROC curve 

analysis at a specificity of 90% on this data resulted in a sensitivity of 51.7% (cutoff = -

4.81) for the PSSMSI/NSI and 49.0% (cutoff = -7.18) for the PSSMX4/R5. Overall, the total 

concordance of the bioinformatic methods with each other was 61.1% (35.8% in X4 
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samples only and 66.1% in R5 samples only). When limited to the methods with the 

greatest sensitivity (the PSSMs and SVMgeno2pheno) the concordance was 84.6% (X4 

samples 78.1%; R5 samples = 85.8%). 

  

In the phenotype assay, luciferase produced in CCR5 or CXCR4 expressing U87 

cells is measured in relative light units (RLU). To examine how sensitivity changed with 

Trofile Assay output, samples were grouped into 9 log10(CXCR4 RLU) strata (Figure 

3.1). All optimized predictive methods showed a significant increase in sensitivity with 

increasing CXCR4 RLU (p<<0.05).  

 

The dependence of predictor sensitivity on CXCR4 RLU suggests that population 

or ‘bulk’ V3 genotype may be missing low level minority species. To test this 

hypothesis, 8 patient samples, with plasma viral loads (pVl) above 4 log (to reduce the 

likelihood of PCR resampling) were chosen for cloning and sequencing. Two samples 

were chosen with matching R5 phenotype and genotype (‘11/25’-) while three samples 

with matching X4-capable (DM) phenotype and genotype (‘11/25’+) acted as controls. 

The final three samples were chosen with discordant DM phenotype and ‘11/25’- 

genotype. A total of 48 clones were picked for each sample and after sequencing, each 

clone was categorized as R5 or X4 based on the ‘11/25’ rule. All samples which were 

concordant between phenotype and genotype showed no clones with discordant 

genotypes from the ‘bulk’ genotype (Table 3.2). Samples 1 and 2 were both R5 in the 

phenotype assay and ‘bulk’ genotype (‘11/25’ rule) and all clones were genotyped as 

being R5. Samples 3, 4 and 5 were DM in the phenotype assay and X4 in the ‘bulk’ 
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genotype. All clones for samples 3 and 4 were genotyped as being X4, while sample 5 

was 23.5% X4 (26 R5 clones; 8 X4 clones). However, samples discordant between the 

genotype and phenotype showed varying levels of an X4 genotype population in the 

clonal samples when compared to the ‘bulk’ sequence indicating a minority species 

which was undetectable in the ‘bulk’ genotype. Samples 6, 7 and 8 were DM in the 

phenotype assay and R5 in the ‘bulk’ genotype. Sample 6 was 22.2% X4 (35 R5 clones; 

10 X4 clones), sample 7 was 21.4% X4 (33 R5 clones; 9 X4 clones) and sample 8 was 

8.9% X4 (41 R5 clones; 4 X4 clones).   

 

The positive predictive value (PPV) of the different genotype-to-phenotype 

predictors increased with decreasing CD4 strata (p=0.03-0.01) (Figure 3.2). Sensitivity 

did not vary significantly across CD4 strata (data not shown). This dependence of PPV 

on CD4 indicates a potential benefit for including clinical information such as CD4 count 

or CD4 percent (CD4%) into co-receptor predictors [27].  
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3.4 DISCUSSION 

Although implementations of HIV V3-loop based co-receptor predictors perform 

relatively well in clonal samples [18], their performance had not yet been tested on 

patient-derived samples. Our data suggests these methods, available in February 2007, 

are too insensitive to be implemented in a clinical setting, due to the presence of low 

level mixtures in standard ‘bulk’ genotyping, and require improvement. Adjusting the 

cutoffs of the raw score output of the PSSM’s, [24] and using a more sensitive approach, 

where any X4 permutation results in an X4 sample to increase sensitivity are two 

effective examples which highlight the importance of optimizing these methods for 

testing on clinical samples  

 

The SVMgenomiac [22] had the lowest sensitivity of all the predictors, which is in 

contrast to the SVMgeno2pheno [23] (one the best performing predictors), although both 

predictors were based on the SVM machine-learning model. The SVMgenomiac was trained 

on a dataset comprised of multiple HIV clades, while all other methods were trained on 

datasets which were composed primarily of clade-B virus. The clinical test set from BC 

is composed of 97.5% clade-B virus, thus biasing the results in favor of those methods 

trained on primarily clade-B sequences. Additionally, the PSSM and the SVMgeno2pheno 

were trained on the same set of clonal samples, and both methods performed nearly 

equally well at all CXCR4 RLU and CD4 strata, despite the different approaches used. 

 

In another study, predictions were performed using the SVMgeno2pheno model, but 

with additional clinical parameters included (log10(CD4%); host ∆32 heterozygosity; 
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number of ambiguous amino acid V3 positions; and a variable indicating the presence of 

insertions or deletions in the V3 sequence) [28]. Sensitivity of the predictor with clinical 

parameters was approximately 10% greater than the purely sequence based approach at a 

specificity of 90% [28]. Although it has been previously demonstrated that there is no 

significant association between CXCR4 RLU and CD4 count [29], the association of 

CD4 count with PPV and the increase in sensitivity, achieved by integrating clinical 

information into training and prediction, indicate the importance of integrating clinical 

parameters for co-receptor prediction. However, it is not yet clear whether low CD4 are 

indicative of a more favorable immune environment for X4-capable virus or if CD4 

count is an independent predictor of X4-capable virus. The log-linear dependence of 

CXCR4 RLU sensitivity for all methods indicates that samples which produce higher 

levels of CXCR4 RLU are more likely to be genotypically characterized as X4. Lower 

CXCR4 RLU signals may indicate a minority species at levels undetectable to ‘bulk’ 

sequencing techniques and/or a genotypically unique X4-tropic viral species present in 

vivo, which predictors trained on clonal data cannot detect.  

 

Results of the clonal analyses performed here indicate that ‘bulk’ sequencing 

techniques were unable to reliably detect minority species present below approximately 

22%, which is in agreement with previous studies that estimate the limit of detection for 

minority species by direct sequencing of bulk PCR products to be between 10-25% [30-

33]. Unlike genotype-based HIV antiretroviral resistance testing, low level minority 

species of X4-using virus appear to be the rule rather than the exception. This is likely a 

reason for much of the discordance and lack of sensitivity observed, and also indicates 
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that an area for improvement would be increasing the sensitivity of detection for minority 

variants. Techniques which may improve the detection of minority variants include 

adopting more aggressive base-calling techniques or examining the area under the curve 

of the chromatograms as a variable when nucleotide mixtures are observed. New 

technologies capable of more sensitive base-calling or detection of minority DNA 

species [34] may result in greatly increased sensitivities for genotype-based predictors. 

Alternatively, methods capable of separating genotypic variants, such as the heteroduplex 

tracking assays [35] combined with sequence analysis may provide another approach for 

the detection of minority variants.  

 

In this large clinically based study, all V3 genotype and co-receptor phenotype 

results were derived on the same set of samples using well defined methodologies, and 

all predictive methods were tested on the same data. However, this study is limited by the 

fact that associations between HIV co-receptor usage and clinical parameters are based 

on cross-sectional data from a population of therapy-naïve individuals initiating their first 

antiretroviral treatment during the period 1996 to 1999, and may not be representative of 

the HIV-infected, population in general, nor of individuals treated with co-receptor 

antagonists. It should be emphasized that these results were limited to therapy naïve 

individuals and therefore, cannot necessarily be extrapolated to therapy experienced 

individuals. The methods investigated in this study limited their training and test set to 

only the V3 loop of the gp120 surface glycoprotein. Although the V3-loop region 

contains the majority of mutations predictive of co-receptor usage, expanding the 

genotypic sequence sampled to regions outside the V3 may result in increased 
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sensitivities. In addition, the Monogram Trofile assay, or any other co-receptor assay, 

cannot yet be considered a ‘gold-standard’. This was illustrated in a comparison of the 

Trofile assay to another well-validated phenotype co-receptor assay, which yielded 

approximately 85% concordance [15]. Also, in clinical trials, maraviroc selected for pre-

existing X4 variants which were undetected by the Trofile assay [36].  Therefore, 

although this assay is in the unique position of being the sole test used in screening for 

co-receptor clinical trials, other phenotype assays are being developed [37,38], and there 

is still room for improvement. 

 

In conclusion, the current sensitivities of genotype-based co-receptor predictors 

between 30-50% are inadequate for the prediction of CXCR4 co-receptor usage in a 

clinical setting although the exact level of desired sensitivity is not known, sensitivities 

upwards of 85% would be equivalent to the concordance of co-receptor phenotype assays 

with one another  [15] and should be sufficient. Although, even if a genotype-based 

method approached or exceeded the sensitivity of the phenotype assay, it would still need 

to be validated before it could be used as a widespread clinical tool. Importantly, the 

results obtained here indicate that the type of predictive model used is not nearly as 

important as the reliability and effectiveness of the parameters chosen to represent the 

phenotype. Genotype-based co-receptor predictors do have the potential to significantly 

decrease turn-around time and cost in comparison to current phenotype assay approaches, 

and although current implementations of genotype-based predictors are inadequate, there 

are identifiable methods to improve their sensitivity.  In the interim, however, these 
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approaches should not be used alone as screening tools for clinical use of co-receptor 

antagonists. 
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Table 3.1: Initial Predictive performance of V3 genotyping algorithms. 

Method Sensitivity Specificity SensitivityAdjusted SpecificityAdjusted 

11/25 rule 30.5% 93.4% 30.5% 92.3% 
Neural Network 44.4%  87.5% - - 
PSSMSI/NSI 33.8% (43.7%)* 95.3% (90%) 37.7% (51.7%)* 94.9% (90%) 
PSSMX4/R5 24.5% (43.7%)* 96.9% (90%) 26.5% (49.0%)* 96.3% (90%) 
SVMgenomiac 21.8% 89.6% 23.8% 88.4% 
SVMgeno2pheno 44.7% 90.6% 50.3% 89.2% 

Adjusted values classified a sample as X4 if ANY permutation was classified as X4 

*Values in brackets were obtained by adjusting the specificity of the PSSM score to 90% 

Table 3.1 lists the sensitivity and specificity of all methods. Adjusted methods were obtained by calling a 

sample X4 if any permutation of a sequence containing amino acid mixtures was X4. This data was not 

available to be modified for the neural network method.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 103 

Table 3.2: Clonal analysis to determine levels of undetected minority species.  

Sample 
ID 

Phenotype1 CXCR4 RLU 
(log10) 

CCR5 RLU 
(log10) 

‘Bulk’ 
Genotype2 

Number 
11/25- 

Clones2 

Number 
11/25+ 

Clones2 

Percent 
11/25+ 

(%) 

1 R5 1.95 6.12 R5 47 0 0.0 
2 R5 2.08 6.26 R5 41 0 0.0 
3 R5/X4 5.18 5.32 X4 0 46 100.0 
4 R5/X4 5.45 5.71 X4 0 44 100.0 
5 R5/X4 4.00 5.86 X4 26 8 23.5 
6 R5/X4 4.78 5.83 R5 35 10 22.2 
7 R5/X4 3.93 5.64 R5 33 9 21.4 
8 R5/X4 2.95 4.75 R5 41 4 8.9 

1 Using the Monogram Trofile Assay 

2 Using the ‘11/25’ rule 

To determine if, and at what proportion, ‘bulk’ sequencing of the V3 is missing minority genotypic 

variants, samples were cloned (48 attempted clones each), sequenced and then compared against the ‘bulk’ 

sequence (using the ‘11/25’ rule). Included is the phenotype, the RLU from the CXCR4 and CCR5 

expressing cell lines, the bulk genotype (‘11/25’ rule), the number of ‘11/25’- and ‘11/25’+ clones, as well 

as the percentage of ‘11/25’+ clones present.  
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Figure 3.1: Sensitivity of genotype-based predictors stratified by CXCR4 RLU. 

 
Sensitivity, defined as the proportion of all positives (DM by Phenotype Assay) detected 

by the predictive method, is calculated for all predictors grouped within 11 CXCR4 RLU 

strata: <2.6 (N=11), 2.6-3.0 (N=22), 3.0-3.4 (N=23), 3.4-3.8 (N= 13), 3.8-4.2 (N=21), 

4.2-4.6 (N=26), 4.6-5.0 (N=15), 5.0-5.4 (N=10), ≥5.4 (N=10). Linear regressions are 

derived from the sensitivity of each stratum, where each stratum is represented by 

incremental integer values. Symbols and linear regression coefficients for the methods 

used are:  

‘11/25’ rule (■ with a dashed, black trendline; R
2
=0.77), PSSMSI/NSI (♦ with a solid black 

trendline; R
2
=0.94), PSSMX4/R5 (● with a solid grey trendline; R

2
=0.90);  

B) Neural Network ( ■ with a dashed, black trendline; R
2
=0.85), SVMgenomiac (♦ with a 

solid black trendline; R
2
=0.52), SVMgeno2pheno (● with a solid grey trendline; R

2
=0.83).  
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Figure 3.2: Positive predictive value for X4-tropic virus stratified by CD4 count. 

 
Positive predictive value, defined as the proportion of all predicted positives which are 

true positives, is calculated for all predictors grouped within 7 CD4 strata: <25 (N=69), 

25-49 (N=56), 50-99 (N=75), 100-199 (N=163), 200-349 (N=238), 350-499 (N=182), 

>500 (N=137). Linear regressions are derived from the sensitivity of each stratum, where 

each stratum is represented by incremental integer values. Symbols and linear regression 

coefficients for the methods used are:  

A) ‘11/25’ rule (■ with a dashed, black trendline; R
2
=0.71), PSSMSI/NSI (♦ with a solid 

black trendline; R
2
=0.65), PSSMX4/R5 (● with a solid grey trendline; R

2
=0.80);  

B) Neural Network ( ■ with a black trendline made a series of dots; R
2
=0.80), 

SVMgenomiac (♦ with a solid black trendline; R
2
=0.62), SVMgeno2pheno (○ with a solid grey 

trendline; R
2
=0.91).  
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CHAPTER 4 

IS THERE A GOLD STANDARD FOR DETERMINING HIV CO-

RECEPTOR USE IN CLINICAL SAMPLES? THE DEGREE OF 

CORRELATION BETWEEN TWO PHENOTYPIC ASSAYS AND A 

BIOINFORMATIC MODEL3
 

4.1 Introduction  

HIV-1 can be characterized according to the host chemokine co-receptor used to 

gain entry into CD4-expressing cells. The phenotypic designations are R5 (for CCR5-

using variants), X4 (for CXCR4-using variants) or R5/X4 (defined here either as a 

mixture of both R5 and X4 variants or as a dual-tropic variant able to enter cells using 

both CXCR4 and CCR5 co-receptors). Most population-based phenotype assays cannot 

readily distinguish between virus populations that are truly dual-tropic and those that are 

comprised of mixtures of viruses with different co-receptor phenotypes [1].  The fact that 

viral populations within an individual may contain heterogeneous mixtures composed of 

any combination of the three classes of virus complicates the accurate and reliable 

assessment of tropism in clinical samples.  

 

Recently, with the development of co-receptor antagonists capable of blocking 

either the CCR5 [2,3] or the CXCR4 [3,4] co-receptors, the need for accurate HIV 

                                                 
3
 A version of this chapter has been published as:  

Skrabal K, Low AJ, Dong W, Sing T, Cheung PK, Mammano F, et. al. Is there a gold standard for 

determining HIV co-receptor use in clinical samples?  The degree of correlation between two phenotypic 

assays and a bioinformatic model. J. Clin. Microbiol. 2007;45(2):279-84.  
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phenotyping assays has increased. This is especially important in preliminary tests to 

screen patients for clinical trials of these agents and for monitoring the evolution of co-

receptor usage under the pressure of CCR5 and/or CXCR4 antagonists [5]. 

 

Many, but not all of the genetic determinants of co-receptor usage reside in the 

HIV envelope, in particular, the V3 loop [6]. Consequently, this region is highly useful 

for the training and development of computerized genotypic predictors of co-receptor 

usage, which have the potential to make rapid screening and testing of HIV infected 

patients faster and more cost-effective. The simplest genotypic approach, known as the 

“11/25 rule” classifies a virus as X4 if positively charged amino acids (lysine or arginine) 

are present at positions 11 and/or 25 of the V3 loop [7,8]. Evaluation of bioinformatics-

based genotypic predictors such as neural networks [9], position specific scoring matrices 

(PSSM) [10] and support vector machines indicate that the co-receptor phenotypes may 

be accurately determined with genotypic predictors [11] when tested on clonally derived 

sequence data. However, both phenotypic assays and genotypic prediction methods are 

challenged when applied to heterogeneous sequence data obtained from actual clinical 

samples. If testing for HIV co-receptor usage becomes necessary for treatment with co-

receptor inhibitors, it would be expected to be performed on clinically derived samples. 

Under these circumstances, a high level of reliability and repeatability should be 

expected. 

 

Two previously validated recombinant phenotypic assays for HIV co-receptor use 

(the Trofile HIV Co-receptor Tropism Assay –formerly PhenoSense HIV-Entry Assay- 
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by Monogram Biosciences and the Tropism Recombinant Test (TRT) assay, performed 

in the lab of Fabrizio Mammano at INSERM (to be available through Eurofins 

Viralliance Inc) were employed here,  as well as genotypic analysis of the HIV V3 loop 

on 74 clinically derived HIV-1 samples in order to evaluate concordance between 

phenotypic assays and determine the ability of an SVM based genotypic method to 

predict co-receptor usage. 
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4.2 Methods 

Sample Selection 

Samples represented a non-random selection of 93 baseline samples from the well 

characterized HOMER cohort [12], a large cohort of antiretroviral-naïve individuals 

initiating triple combination therapy in British Columbia. Baseline plasma samples from 

this cohort have been previously genotyped for HIV envelope V3 loop sequence [13]. 

Samples were chosen for analysis on the basis of predicted phenotype using the 11/25 

charge rule [6,7,8,14], a neural network method [9], and results from a position-specific 

scoring matrix (PSSM) analysis [10], in order to over-represent expected X4 variants to 

an approximate 50% prevalence. Note that the entire HOMER cohort was later 

phenotyped for HIV co-receptor usage; these results have been subsequently published 

[15]. 

 

Assay Methods 

The two phenotypic assays [16,17] use virus stocks pseudotyped with envelope 

sequences derived from patient plasma samples to infect cell lines engineered to express 

CCR5 or CXCR4. Some relevant differences in the phenotypic assays are highlighted in 

Table 4.1. The Trofile assay confirms co-receptor usage by verifying a decrease in RLU 

after the addition of a CCR5 or CXCR4 antagonist. The TRT assay did not currently 

perform this step at the time of these analyses. Note that the TRT assay was performed 

on PCR products amplified by our lab in British Columbia, and the Trofile assay was 

performed on the corresponding baseline plasma samples. More detailed information 
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regarding the two phenotypic assays can be found in [1,16,18] (Trofile) and [1,17] 

(TRT).  

 

SVM Prediction 

Population based HIV envelope V3 loop sequences (~105 bp) of corresponding 

baseline plasma samples were obtained using previously described, standard automated 

sequence analysis [13]. Genotypic predictions of the HIV co-receptor usage were 

performed using a support vector machine (SVM) analysis of the sequenced HIV V3 

loop (www.geno2pheno.org). Robust alignments of the envelope V3 region were 

obtained using the multiple alignment software MUSCLE [19]. SVMs were trained using 

all genotype-phenotype data from the HOMER cohort, determined using the Trofile 

assay, excluding the 74 samples compared here. Codon mixtures in sequence data are 

considered ambiguous with respect to sequence identity and were treated using an “X4-

sensitive” strategy during training and a “combinatorial” strategy for prediction, as 

described in [11]. Briefly, in the combinatorial prediction strategy, non-ambiguous V3 

sequences are generated by random sampling from the ambiguous genotype and a 

numeric score, indicating the probability of CXCR4 usage, is predicted for each of the 

non-ambiguous sequences. The final score is taken as the 0.75 percentile of the 

individual scores. A cutoff of 0.4 on this score was chosen to predict X4 variants. This 

cutoff was determined by maximizing the area under the ROC curve for all 

matched genotype-phenotype samples in the HOMER cohort, excluding the 74 

samples analyzed here.
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4.3 Results 

Phenotypic Assay Comparison 

Of the 93 samples tested, results were obtained for 78 (84.9%) samples with the 

Trofile co-receptor tropism assay and results were obtained for 90 (96.8%) samples with 

the TRT co-receptor usage assay. Note that no comparison can be made with respect to 

the number of results obtained by each assay, as the TRT assay was performed on PCR 

products amplified by our lab in British Columbia, while the Trofile assay was performed 

on the corresponding baseline plasma sample. Results from the two phenotypic assays 

were obtained for 74 samples (79.6%) and were in general, but not complete agreement. 

 

Overall, an 85.1% concordance was observed between the two assays. Of the 74 

samples, 42 (56.8%) were identified as R5 by both assays and 21 (28.4%) were identified 

as R5/X4 by both assays.  An additional 8 (10.8%) were identified as R5 by the Trofile 

assay but as R5/X4 by the TRT assay and the remaining 3 (4.1%) were identified as 

R5/X4 by the Trofile assay but as R5 by the TRT assay. The Trofile assay characterized 

one sample as being pure X4. This sample was characterized as being R5/X4 by the TRT 

assay, but for the purposes of our analysis was classified as being R5/X4 by the Trofile 

assay and therefore treated as concordant.  

 

We then investigated clinical parameters of samples with concordant and 

discordant results (Table 4.2). Low CD4 cell count has been shown to be predictive of 

CXCR4 using HIV [20], and as expected, the samples identified as R5 in both assays 

showed significantly higher median CD4 cell counts (p<0.01) than those samples 
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identified as R5/X4 in both assays, although plasma viral loads were not significantly 

different (p>0.1). Median R5 RLU (Trofile assay) and R5 OD (TRT assay) values were 

consistently high in both assays, regardless of whether these were identified as R5 or 

R5/X4, implying a high efficiency of replication in the R5 cell lines. Discordant results 

were observed where R5/X4 was detected in the Trofile assay and not the TRT assay, 

and vice versa (shown individually in Table 4.3). When samples were grouped as 

“discordant” and “concordant”, we observed no statistically significant difference in viral 

load or CD4 count. (p>0.05). Also, when discordant groups were compared against each 

other, we observed no statistically significant difference in CD4 or viral load (p>>0.5) 

(Wilcoxon rank sum test), although the small sample size of the discordant groups should 

be noted.  

 

The median X4 signal measured in RLU (Trofile assay) or ODsample/ODCtrl (TRT 

assay) of the discordant samples was close to the lower quartile of the X4 signal for 

samples concordantly phenotyped as being R5/X4 by both assays. Therefore, a possible 

explanation for discordances is misclassification as a result of using OD or RLU “cut-

off” values for categorizing samples as R5 or R5/X4.  Receiver Operator Characteristic 

(ROC) curves examine the effects of all possible cut-off values (for X4 RLU [Trofile 

Entry assay] or X4 OD [TRT assay]) on sensitivity (ability to identify true positives) and 

specificity (ability to identify false positives). Both assays appeared to use cut-off values 

such that their sensitivity and specificity were optimized by placing them in the upper left 

quadrant of the ROC graph (Figure 4.1). In comparing the area under the ROC curve 

(AUC), the X4 RLUs resulted in an AUC of 0.88 when using the TRT assay as the gold 
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standard and the X4 ODs resulted in an AUC of 0.87 when using the Trofile assay as the 

gold standard. There appeared to be no significant difference between the two assays 

when using one assay as a reference and varying the cutoffs used for the other assay and 

vice-versa (p>0.1), suggesting that the use of different cut-off values in either assay 

would not improve the predictive performance of one phenotypic assay with respect to 

the other. Of interest,  6 of the 11 discordant samples (54.5%) had positively charged 

amino acids at codons 11 and/or 25, (Table 4.3)  implying a high probability that many of 

these discordant samples harbored X4 variants which gave only marginally detectable X4 

signal strength.  

 

Genotypic Prediction 

Using the HIV envelope V3 sequences, genotypic predictions of co-receptor 

usage were made using a Support Vector Machine (SVM) trained on separate V3 

genotype-phenotype (Trofile assay) data, as described above, excluding the 74 samples 

tested here. In the dataset of 74 clinically derived isolates, amino acid mixtures at ≥1 

codon of the HIV V3 loop were observed in 56 (75.7%) of sequences. According to the 

“combinatorial” prediction strategy, mixture-containing sequences were expanded into 

all possible permutations (median of 2 permutations per isolate, range 1 to 128), giving 

rise to multiple values for each sample, each falling between 0 (low likelihood of being 

X4) and 1 (high likelihood of being X4) (Figure 4.2).    

 

Samples were grouped according to the results obtained from both phenotypic co-

receptor assays (concordant R5/R5, concordant R5X4/R5X4, discordant R5X4/R5, and 
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discordant R5/R5X4, where the Trofile result is indicated first and in bold lettering). 

When comparing between groups, the maximum X4 score per sample was used. With 

regards to the Trofile assay, 16 of the 24 samples phenotyped as R5/X4 were predicted to 

be R5/X4 by the SVM, resulting in a sensitivity of 67%. A total of 48 of the 50 samples 

phenotyped as R5 were predicted of being R5 by the SVM, yielding a specificity of 96%. 

Similarly, for the TRT assay, 16 of the 28 samples phenotyped as R5/X4 were predicted 

to be R5/X4 by the SVM, yielding a sensitivity of 55% and 43 of the 45 samples 

phenotyped as R4 were predicted of being R5, yielding a specificity of 96%. In 

comparison, the “11/25” rule, had a sensitivity and specificity for predicting X4 usage in 

the Trofile assay of 54% and 44%, respectively, and 52% and 42% for the TRT assay. 

The median X4 scores of the samples classified as R5/X4 by both phenotypic co-receptor 

assays was 0.68. This score was significantly higher (Figure 4.3) than the median 0.08 

X4 score of the samples classified as R5 by both phenotypic co-receptor assays 

(p<<0.001). It also exceeded the median X4 scores for the samples classified as R5 by 

the Trofile assay and R5/X4 by the TRT assay (0.11; p<0.01) and vice versa (0.10; 

p<0.01). There was no significant difference in X4 score between the two groups with 

discordant phenotypic co-receptor classifications (p=0.99).  Two outliers in the R5/R5 

and one outlier in the R5/R5X4 categories may be identified in Figure 4.3. These outliers 

have a very high probability of harboring X4 as determined by the genotypic predictor, 

but are categorized as R5 according to one or both of the phenotypic co-receptor assays. 

Of note, samples classified as R5/X4 virus by both phenotypic assays were more 

heterogeneous (contained more amino acid mixtures in the V3 loop) than  samples 

classified exclusively as R5 [median 1.5 amino acid mixtures/sequence,  IQR[0.75-4.25], 
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for R5/X4 samples vs. median 1.0 amino acid mixture/sequence,  IQR[1.0-2.0], for R5 

samples. 

 

Results of the two phenotypic co-receptor assays were compared against the V3 

sequence based genotypic Support Vector Machine (SVM) predictions for the 74 patient-

derived samples (19). The Trofile assay and SVM genotypic predictor resulted in 

concordance for 64 (86.5%) samples, where the TRT assay and SVM resulted in 

concordance for 59 (79.7%) samples (Figure 4.4). Both the SVM and the Trofile co-

receptor assay had a higher prevalence of classifying samples as R5 than the TRT assay. 
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4.4 Discussion 

This study compares two well-characterized recombinant phenotypic co-receptor 

assays on a set of clinically derived plasma samples selected to contain roughly equal 

numbers of R5 and X4-containing HIV-1 isolates. The overall concordance of 85.1% 

between the assays indicates that although both are in good agreement with each other, 

there remains considerable disagreement. Discordant samples appear to show no 

significant difference between viral loads or CD4 counts, although concordant R5/R5 

samples had significantly higher CD4 counts when compared to samples identified by 

any assay as harboring X4 variants, and concordant X4/X4 samples had much higher X4 

signals as measured by RLU (Trofile assay) or OD (TRT assay). The SVM and Trofile 

co-receptor assay had higher concordance and a greater prevalence of classifying 

samples as R5 than the TRT assay. This may be a result of the SVM being trained on 

sequence data phenotyped by the Trofile co-receptor assay.  The small number of 

discordances (N=11) makes the determination of associations in observed clinical or 

assay parameters between the two discordant groups difficult. A more thorough analysis 

of discordances would require a larger sample size.  

 

Some potentially relevant differences between the two assays may account for 

many of the observed differences in co-receptor phenotype observed here.  These 

differences include the size of the viral RNA fragment excised and amplified, the cells 

used to express the co-receptors, and the reporter gene. While the Trofile HIV assay uses 

the entire gp160 gene fragment, approximately 2500 base pairs, the TRT assay uses a 

900-bp-long viral fragment which spans the V1-V3 region, including 150-bp-long 
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extensions on each side to allow for homologous recombination during transfection [17]. 

One hypothesis that may require further investigation is whether amplification of a larger 

DNA fragment leads to a greater loss of minority species during PCR amplification. 

Other potential reasons for discordance between assay results have been reviewed by 

Coakley, et al. [1] including the interaction between the viral vector gag proteins and the 

patient-derived-envelope proteins, which may affect pseudotyping efficiency and the 

usage of reporter cell lines. The use of different target cell lines could be another possible 

source of discrepancy between the assays, as the tropism assays made use of human 

malignant glioma cell lines (U87, U373) engineered to express CD4 and various 

chemokine co-receptors on their surface. Previous studies have shown that co-receptor 

utilization may be influenced by the level of receptor expression and the ratio of the 

receptors relative to each other [21]. However, results from at least one study suggest that 

co-receptor levels do not impact the ability to measure co-receptor usage [22].  

Clinical samples contain a heterogeneous viral population. Studies into the detection of 

minority species within inter-individual viral populations have shown that the limit of 

detection is in the range of 10-20% for the phenotypic co-receptor assays [1], while the 

limit of detection of conventional genotypic assays (consisting of RT-PCR followed by 

population (‘bulk’) sequencing) is also approximately 25%-30%. This is largely because 

low level signals cannot be detected by conventional automated DNA sequencing, a 

factor that limits both the phenotypic co-receptor assays and genotypic predictors (SVM). 

 

Developing a reliable genotypic predictor of co-receptor usage requires a well-

validated phenotypic co-receptor assay to use as a reference. Although the “11/25” rule 
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for determining tropism, which categorizes variants as syncytium-inducing (SI) if they 

display positively charged residues at codons 11 and/or 25 within the V3 loop, and non-

SI if they do not, is reasonably specific, it lacks sensitivity (<60%) for predicting co-

receptor usage [10]. SVM analysis of clinically derived sequences appears to correlate 

well with results of phenotypic co-receptor assays and has higher sensitivity and 

specificity when compared against other bioinformatics models of determining co-

receptor usage from clonal data [11]. However, the inability to consistently detect 

minority species in clinically derived sequence data presents difficulties both in using 

genotypic predictors and in training these predictors with sequence data phenotyped 

using assays which are also unable to consistently detect minority species.  

 

In summary, the two phenotypic co-receptor assays tested here generated largely 

concordant results.  However, in cases where there are differences in assay results, it is 

not clear which of these assays is “correct”. Discordances do not show significant trends 

that could be attributed to differences between the two phenotypic co-receptor assays or 

to patient characteristics. It is likely that the presence of heterogeneous viral populations 

in clinically derived isolates poses difficulties of detection for both phenotypic and 

genotypic/bioinformatic approaches of determining co-receptor use. For the purposes of 

determining co-receptor usage in a clinical setting, an understanding of the limitations of 

the test used is essential. Although genotypic predictive models have the potential to 

reduce the cost and time of determining co-receptor usage of patient-derived isolates, 

validation of genotypic methods against a verified reference would be required before 

they can be adopted for clinical use.  
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  Table 4.1: Potentially relevant differences in phenotypic assays. 1 

Value 
Parameter 

Trofile  TRT 

Insert Entire gp160, ~2500 bp RT-PCR product  ~900bp RT-PCR product spanning V1-V3 

Vector pCXAS-envelope expression vector plus 

HIV genomic-Luc vector  

 pNL43-∆V 

Construction Restriction enzymes  Recombination 

Producer cells 293  293T 

Target cells U87-CD4-CCR5 and U87-CD4-CXCR4  U373-CD4-CCR5 and U373-CD4-CXCR4 

with HIV-1 LTR-lacZ cassette 

Reporter gene Luciferase   

Detection Assay RLU  OD using a colorimetric assay 

 2 
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Table 4.2: Summary of median baseline CD4 count and baseline viral load for samples categorized as either R5 or     

R5/X4 using the Trofile or “TRT” co-receptor usage assays. 

TF RLU  TRT 

TF - TRT
a 

Baseline no. of 

CD4 cells/mm
3 

(IQR)
c 

Log (VL Base)   

(IQR) R5 signal (log) 

(IQR) 

X4 signal (log) 

(IQR) 
 

R5 signal 

ODSample/ODCtrl 

(IQR) 

X4 signal 

ODSample/ODCtrl 

(IQR) 

R5 - R5   (N=42) 325 (217-457) 5.0 (4.5-5.4) 5.66 (5.3-5.9) 1.87 (1.8-1.9)  17.1 (15.3-18.6) 1.1 (1.1-1.2) 

R5/X4 - R5/X4 (N=21) 100 (30-170) 5.1 (4.6-5.6) 5.27 (4.9-5.6) 4.52 (3.6-5.2)  18.4 (15.0-19.6) 11.2 (2.2-19.2) 

R5 - R5/X4 (N=8) 165 (100-342) 5.5 (5.2-5.7) 5.49 (5.4-5.7) 1.88 (1.8-2.0)  19.3 (18.4-20.4) 2.0 (1.6-3.3) 

R5/X4 - R5 (N=3) 100 (80-275) 5.0 (4.8-5.6) 5.69 (5.5-5.8) 3.89 (3.2-3.9)  14.4 (13.8-17.6) 1.1 (1.1-1.2) 

     
a
 TF, Trofile HIV co-receptor tropism assay; TRT, TRT co-receptor assay. 

     
b
 VL base, baseline viral load in log10 HIV RNA copies/ml. 

     
c 
IQR, interquartile range
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Table 4.3: Characteristics of samples with discordant results from the Trofile or TRT entry co-receptor assays 

TRT  TF  

Amino Acid 

observed at 

codon: TF - TRT
a Sample 

Identifier 

Baseline no. of 

CD4 cells/mm
3 Log(VL Base)

b 

R5 signal 

ODSample/ODCtrl 

X4 signal 

ODSample/ODCtrl 
 

RLU R5 signal 

(log) 

RLU X4 signal 

(log) 
 11 25 

R5/X4 - R5 1 450 4.6 14.4 1.1  5.31 3.89  G E/G 

  2 60 5 21.3 1.3  5.88 2.48  S R 

  3 100 5.9 13.2 1.1  5.69 3.94  G R 

R5 - R5/X4 4 150 5.5 20.0 1.6  5.71 1.86  R/S R 

  5 320 4.2 21.9 2.2  5.40 1.89  G K 

  6 110 5.9 18.4 1.5  5.57 2.19  G A/E 

  7 410 5.9 19.1 1.5  6.22 1.99  G K 

  8 70 5.3 16.6 20.5  5.76 1.87  G/S D 

  9 20 5.5 18.3 1.8  3.80 1.73  G D 

  10 530 5.1 21.4 6.5  5.31 1.83  G E 

  11 180 5.7 19.4 16.4  5.38 2.25  D/G R 
a
 TF, Trofile HIV co-receptor tropism assay; TRT, TRT co-receptor assay. 

b 
VL base, baseline viral load log10 HIV RNA copies/ml.
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Figure 4.1: Receiver Operating Characteristic Curve of Trofile HIV co-receptor 

assay vs. TRT co-receptor assay.  

 

The grey line uses the Trofile co-receptor results as the reference, while varying the cut-

off for the X4 ODSample/X4 ODCtrl data obtained from the TRT assay. The black line uses 

the TRT co-receptor results as the reference, while varying the cut-off for the X4 RLU 

data obtained from the Trofile assay.  
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Figure 4.2: Support Vector Machine predicted probability of CXCR4 co-receptor 

usage 

 
Each position on the x-axis indicates a sample from a single patient. Sequences 

containing amino acid mixtures were expanded into all possible permutations per sample 

and each permutation assigned a score based on the probability of harboring X4-

containing virus (where 0= low probability  and 1= high probability).  Sample 

permutations were tested and scored individually, and the probability of being X4 is 

indicated on the y-axis. Each individual sample permutation is represented by a single 

symbol, generating a series of vertically-aligned symbols for each clinically-derived 

sample. Samples were grouped along the x-axis and labeled according to the results 

obtained from both phenotypic assays as “R5” or “R5/X4” and ordered by “Trofile 

assay/TRT assay”. Solid triangles represent samples phenotyped as R5/X4 by both 

assays. Open squares represent samples phenotyped as R5/X4 by the Trofile assay and 

R5 by the TRT assay. Solid diamonds represent samples phenotyped as R5 by the Trofile 

assay and R5/X4 by the TRT assay. Open circles represent samples phenotyped as R5 by 

both assays. The dashed horizontal line represents the SVM cutoff, above which samples 

will be classified as being R5/X4 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

P
re

d
ic

te
d

 p
ro

b
a
b

il
it
y
 o

f 
X

4
 c

o
-r

e
c
e
p

to
r 

u
s
a
g

e

Concordant X4/X4 R5X4/R5 R5/R5X4 Concordant R5/R5 



 136 

Figure 4.3: Boxplot summary of predicted probability of CXCR4 co-receptor usage 

 

Mixtures were separated into all possible permutations per sample. Samples were 

grouped and labeled according to the results obtained from both phenotypic assays as 

“R5” or “R5/X4” and ordered by “Trofile assay/TRT assay“. The maximum score 

observed for each isolate was used to create the boxplot. Boxes represent the interquartile 

range and the solid line inside the box represents the median of the maxima of the group 

of samples. Boxplot whiskers represent the range of the data in each category and 

outliers are represented as open circles. 
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Figure 4: Concordances between phenotypic co-receptor assays and a SVM 

bioinformatic predictor.  

 
Black bars represent the concordances for the Trofile entry co-receptor assay and support 

vector machine (SVM), and grey bars represent concordances for the “TRT” co-receptor 

assay and SVM. Percent discordances are represented with white bars. R5 and X4 

concordances and discordances with the SVM model by the Trofile assay (TF) and the 

TRT assay (TRT). 
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CHAPTER 5 

CD4-DEPENDENT CHARACTERISTICS OF CO-RECEPTOR USE 

AND HIV-1 V3 SEQUENCE IN A LARGE POPULATION OF 

THERAPY-NAÏVE INDIVIDUALS4
 

 

5.1 INTRODUCTION  

Human Immunodeficiency Virus type 1 (HIV-1) uses host cell membrane 

chemokine receptors, in combination with CD4, to gain entry into host cells [1-3]. The 

most important of these are CCR5 [1,2,4]
 
and CXCR4 [5]. HIV entry via one or both of 

these co-receptors is generally associated with two different viral phenotypes identified 

shortly after the development of HIV culture techniques; namely the ability to form 

syncytia in the MT-2 cell line, leading to the nomenclature of syncytium inducing (SI) 

and non-syncytium inducing (NSI) [6,7].  While NSI variants are generally detectable 

over the entire course of HIV infection, SI variants emerge in approximately 40-50% of 

subtype B infected persons [6-8]. In addition, dual-tropic variants capable of using both 

major co-receptors may also arise over the course of disease [9]. The emergence of SI 

variants is associated with a rapid decline in CD4
+
 T-lymphocyte counts, accelerated 

disease progression and reduced survival time in untreated individuals [10-13], but is not 

necessary for CD4
+
 cell decline or disease progression to occur. The factors mediating 

                                                 
4
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the NSI to SI phenotype "switch" over the natural course of HIV infection are not fully 

understood, and it is not clear whether it is a cause and/or a consequence of progressive 

immune dysfunction [14]. As MT-2 cells express CXCR4 but not CCR5, “SI” tropism as 

determined by the MT-2 assay is an indirect measurement of ability to use the CXCR4 

co-receptor; for this reason , “SI” and “NSI” designations are considered largely 

equivalent to “X4” (CXCR4-using) and “R5” (CCR5-using) phenotypes, respectively, 

although there are exceptions [15]. Recently, a renewed focus on co-receptor use has 

emerged, in part, as a result of development of new classes of antiretroviral agents which 

specifically inhibit HIV binding to either CCR5 or CXCR4. A number of different 

phenotypic co-receptor usage assays have been developed, generally based on the 

development of cell lines engineered to express either CCR5 or CXCR4 [16,17].  

 

The third hypervariable region of the HIV envelope glycoprotein gp120 (“V3 

loop”) is known to be a key (but not exclusive) determinant of HIV co-receptor usage 

[18]. Genetic determinants include the presence of positively charged amino acids at 

codons 11 and/or 25 of the V3 (termed the “11/25” genotype [19]), the presence of 

mutations within the region of codons 6 through 8, indicative of the loss of an N-linked 

glycosylation site at position 6 [20], and increased V3 loop heterogeneity [21]. Currently, 

a variety of bioinformatics methods are being used to predict co-receptor usage by 

examining specific amino acid changes the V3; these include Support Vector Machines 

[22,23] Neural Networks [24] and Position Specific Scoring Matrices [25]. 
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Here we examine associations between co-receptor phenotype using the 

Monogram Biosciences Trofile Tropism Assay [17] raw phenotypic assay readout data, 

and genotypic variation in the HIV V3 loop in a large cohort previously characterized for 

both V3 sequence [26] and phenotypic co-receptor usage [27]. Furthermore we 

investigated how these relationships varied with host immune status (as measured by 

CD4 count).  
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 5.2 METHODS 

Study subjects: the British Columbia HOMER cohort 

In British Columbia, Canada, antiretrovirals are provided free of charge through a 

centralized drug treatment program according to guidelines established by the B.C. 

Therapeutic Guidelines Committee [28]. Routine clinical monitoring of patients takes 

place at approximately 3-month intervals at which time plasma viral load testing (Roche 

Amplicor Assay) and CD4 counts are performed. The HAART Observational Medical 

Evaluation and Research (HOMER) cohort includes all HIV-positive, antiretroviral naïve 

adults who started triple antiretroviral therapy (consisting of two nucleoside reverse 

transcriptase inhibitors [NRTIs] and either a protease inhibitor [PI] or a non-nucleoside 

reverse transcriptase inhibitor [NNRTI]) through the B.C. Drug Treatment Program 

between August 1996 and September 1999 (N=1188). This cohort has been the focus of a 

number of population-based studies and has been described in detail previously [29]. The 

present study represents a cross-sectional analysis of the HOMER cohort at baseline 

(prior to initiation of HAART). Reported plasma viral loads, CD4 counts as well as 

genotypic and phenotypic parameters represent the latest pre-therapy measurements 

collected in the 180 days prior to therapy initiation.  

 

Determination of baseline HIV co-receptor phenotype  

The “Trofile” co-receptor entry assay, performed by Monogram Biosciences had 

been previously used to assess co-receptor phenotype in the latest pre-therapy plasma 

sample for each subject [27]. Briefly, a 2.5-kb RT-PCR product spanning the entire 
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gp160 is digested, purified and ligated into an E. Coli expression vector, and gene 

libraries are constructed. A replication-defective retroviral vector (pHIVluc) containing a 

luciferase expression cassette inserted within the env gene is then used to co-transfect 

human embryonic kidney cell cultures with the sample plasmid DNA. Recombinant 

viruses are harvested after 48 hours and assessed for their ability to infect U87-CD4 cells 

expressing CCR5 or CXCR4, as determined by a luciferase read-out measured in 

Relative Light Units (RLU) on each of the two cell lines.  The Trofile assay classifies 

isolates as CCR5-using, CXCR4-using or “DM” (indicating dual and/or mixed-tropic 

virus) based on confirmation of decreased RLU values upon addition of specific co-

receptor inhibitors. The RLU values reported from the Trofile assay are normalized to a 

well characterized, dual-tropic reference strain (92HT594). Specifically, RLUs from 

92HT594-infected CXCR4
+
/CD4

+
/U87 or CCR5

+
/CD4

+
/U87

 
cells were adjusted to 

1,000,000 counts to give two independent
 
scaling factors (i.e., to normalize counts on 

CXCR4
+
 and CCR5

+ 
cells, respectively) [17]. Phenotypic data from a total of 977 

isolates were available, with 799, 177 and one characterized as R5, R5/X4 (DM) and X4 

only, respectively, with a higher prevalence of X4 virus being detected in individuals 

with lower CD4 cell counts 
27

. In this manuscript, isolates phenotyped as “DM” or “X4” 

were combined and designated as “DM” for the remainder of analyses while CCR5-using 

virus is referred to as R5. This approach was used because only a single sample was 

phenotyped as being purely X4.  
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Determination of corresponding baseline envelope V3 sequence  

Aliquots of the same baseline plasma samples were used to determine bulk 

“population” HIV V3 envelope sequence as described previously [26]. Matched baseline 

co-receptor phenotypes and V3 genotypes were available for 953 of 1188 (80.2%) 

HOMER subjects. In the case where nucleotide mixtures were present in V3, sequences 

were translated into all possible amino acid permutations, resulting in a total of 1388 

unique V3 amino acid sequences in the entire dataset. Alignment of this dataset to a 

standard consensus B V3 sequence was made using the multiple sequence alignment 

software tool, MUSCLE [30], followed by visual inspection.  Sequences displaying 

positively charged amino acids at codons 11 and/or 25 of the V3 loop, associated with an 

HIV syncytium-inducing (SI) phenotype, were classified as having an “11/25 genotype”. 

A subject was classified as harboring “11/25” isolates if any of its expanded sequence 

permutations were classified as “11/25” positive.   

  

Investigation of relationship between V3 amino acid variation and co-

receptor usage 

To determine the degree of amino acid variability across the V3 loop, a consensus 

sequence of the aligned dataset was created using the Los Alamos Consensus Maker 

program, available at 

http://www.hiv.lanl.gov/content/hivdb/CONSENSUS/CONSENSUS_TOOL/Consensus

Tools.html. Note that for this and the following analyses, all expanded V3 sequences 

from a given patient isolate were assigned the co-receptor phenotype of the sample (for 

example, in a subject phenotyped as DM, whose V3 sequence was expanded into 4 
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possible permutations based on the presence of mixtures at two codons, all 4 resulting 

individual sequence permutations were classified as “DM”. A codon-by-codon analysis 

was undertaken in which 2x2 contingency tables were constructed using co-receptor 

usage (R5 vs. DM) and amino acid (consensus vs. non consensus) as categories.   

Statistical significance was evaluated using the chi-squared test, with corrections made 

for multiple comparisons (Bonferroni method). 

 

Investigation of relationship between V3 charge and co-receptor usage 

Local charges were determined for all amino acid sequences using an 

exponential, five residue, sliding window. The charge of the residue at the midpoint of 

the sliding window was calculated, based on Coulomb’s Law, by adding the charge of 

the centre residue to the two nearest residues, weighted by 70% plus the two distal 

charges, weighted by 10%. Charge values of -1, 0 or +1 were used for all amino acid 

residues depending on the residue specific charge at a biological pH of 7.5. Statistical 

significance was calculated using the Wilcoxon rank sum test. 
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5.3 RESULTS 

In vitro replication signal strength -RLUs- in CCR5 and CXCR4 target cells 

Luciferase is produced in the target cells upon a successful single round of 

infection and is measured upon cell lysis in Relative Light Units (RLU). CCR5 RLU in 

R5-tropic samples are roughly log-normally distributed (Figure 5.1). The range of 

CXCR4 RLU in DM samples was much greater and appears bimodal, with a trough at 

approximately 3.8log CXCR4 RLU. In order to investigate the relationship between CD4 

count and output of the Monogram Trofile Assay, median CCR5 and CXCR4 RLU 

values from N= 977 clinical isolates phenotyped as R5 or DM were compared with CD4 

count (Figure 5.2).   

 

CCR5 RLU signal strength was robust in both R5 as well as DM-phenotyped 

isolates (median 5.6 log, inter-quartile range (IQR)=[5.3-5.9] vs. 5.6 log, IQR=[5.2-5.9] 

RLU in R5 vs. DM subjects, respectively). In contrast, median CXCR4 RLU signal in 

DM samples was much lower (43-fold) than the corresponding median CCR5 RLU in 

these samples (median 3.9 log, IQR=[3.1-4.5], N = 178). As expected, the median 

CXCR4 RLU signal was consistently low (median 73 RLU) in samples designated R5, 

presumably corresponding to assay background levels.   

 

In univariate log-linear regression analyses of R5 samples, CCR5 RLU in R5 

isolates did not vary with pVL (p=0.13), and showed a significant, but small increase 

with decreasing CD4 (β(slope)=-4.3x10
-4

 log RLU/log pVL, [95% Confidence Interval (CI) -
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8x10
-4

:4x10
-5

],  p<<0.001; N=799). However, in DM samples, CCR5 RLU decreased 

with decreasing pVL (β=0.27log RLU/log pVL, [CI -0.12:0.67],  p<0.05; N=178), but did not 

vary significantly with CD4 (p=0.17), while CXCR4 RLU increased with decreasing 

pVL (β=-0.49log RLU/ 100CD4, [-1.03:0.05], p<0.001) and did not significantly vary with 

CD4 (p=0.82). In multivariate log-linear regression analyses, CCR5 RLU in R5 isolates 

increased with decreasing baseline CD4 count (β=-0.04log RLU/100CD4, [95%CI -0.06:-

0.02], p<0.001), but did not vary with baseline plasma viral load (pVL) (p=0.74). In 

contrast, the CCR5 RLU in DM samples did not increase, but instead tended to decrease 

with decreasing CD4 count (β=0.04 log RLU/100CD4, [95%CI 0.00:0.10], p=0.067) and 

decreasing pVL (β=0.30log RLU/log pVL, [95%CI -0.29:0.84], p=0.001), while CXCR4 RLU 

increased with decreasing pVL (β=-0.50, [95%CI -0.78:-0.25], p=0.0001) but did not 

vary with CD4 (p=0.78). 

 

Associations of Population Based V3 Sequence Patterns and Co-receptor 

Usage  

 The V3 sequence variability in R5 and DM samples versus consensus was 

determined in sequences generated from R5 vs. DM phenotyped isolates, respectively 

(Figure 5.3A). V3 sequence variability of DM samples was generally greater than that of  

R5 samples, with significant differences in variability observed at positions 11, 13, 25, 

32 and 34 (p<<0.001). In addition, V3 loop codons 6 through 8 (possibly linked to N-

linked glycosylation [31]) were conserved in almost 100% of R5 samples, but showed 

20-30% variability in the DM samples (p<<0.001). When the criteria was narrowed to 

mutations away from consensus at positions 6-8, a total of 20 of 168 (11.9%) DM 
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samples had a mutation in these residues in comparison to 5 of 785 (0.6%) R5 samples 

(p<<0.001). Due to the strong association of a higher net and local charge with the DM 

phenotype, the mean local charge was analyzed between samples phenotyped as R5 and 

as DM for all CD4 strata, revealing that the net local charge in the V3 was similar across 

R5 and the DM samples, except in the region of codons 23 to 26 (Figure 5.3B). These 

codons tended to have higher charge in samples harbouring X4 variants than R5 samples 

(p<<0.001), an observation most likely explained by the substantial proportion of DM 

samples exhibiting positively-charged amino acids around, but not limited to, codon 25 

of the V3 loop. A positively charged amino acid (Lysine or Arginine) at position 25 was 

observed in 31 (18.4%) X4 samples and 52 (6.6%) R5 samples (p<<0.001). Although the 

prevalence of arginine residues at position 25 was greater than lysine residues in DM 

samples (20 vs 14), the prevalence of arginine was less than lysine at position 25 in R5 

samples (25 vs 32), resulting in a greater likelihood of a sample being DM if an arginine 

was detected at position 25 (44.4%) than a lysine (30.4%; p<0.01). Codon 11 also tended 

to have a more positive charge in samples phenotyped as DM than R5 (p<<0.001), but 

the magnitude of the difference was less pronounced. A total of 29 (17.2%) X4 samples 

had a positively charged amino acid at position 11, compared to 2 (0.2%) R5 samples 

(p<<0.001). In all cases, the positively charged amino acid was identified as arginine. 

Similarly, the detection of nucleic acid mixtures in the V3 region, presumably reflecting 

the co-existence of multiple viral strains at relatively high prevalence, was associated 

with an increased likelihood of detection of CXCR4-using virus in the Trofile assay. A 

total of 414 of the 785 R5 samples (53 %) contained at least one amino acid mixture in 

the V3 loop, compared with 129 of 168 (77 %) DM samples (p<0.001). The median 



 153 

number of these ambiguous codons was 1.0 in the R5 samples, with an interquartile 

range (IQR) of 0-2, compared with a median of 2.0 in the DM samples (IQR=1.0–4.0, 

p<0.001). The distribution of mutations associated with X4-capable virus was compared 

in DM samples between the two CXCR4 RLU strata indicated in the observed bimodal 

distribution in Figure 1 (CXCR4 RLU<3.8log and CXCR4 RLU≥3.8log). Samples in the 

lower strata were less like to have positively charged amino acids at positions 25 (4.0% 

vs 29.0%, N=31; p<<0.001), as well slightly less likely to have positively charged amino 

acids at position 11 as (16.7% vs 20.4%, N=29; p=0.2) or a non-consensus amino acid 

between positions 6-8 (13.7% vs 16.1%, N=20; p=0.4), than those in the higher strata. 

 

 The HIV Genotype-Phenotype Relationship is Dependent on Host Immune 

Status 

We examined changes in the positive predictive value (PPV) of genotypic 

determinants of the DM phenotype (positively charged amino acids at codons 11 and/or 

25, lack of conservation in codons 6-8, and V3 loop heterogeneity) as a function of  7 

CD4 strata (defined as <25, 25-49, 50-99, 100-199, 200-349, 350-499, 500+). The PPV 

is defined here as the proportion of samples predicted to be DM, based on genotypic 

determinants, which actually are DM according to the phenotypic assay. In addition, we 

also examined the change in the proportion of samples with one of the above genotypic 

determinants which are not actually DM as a function of CD4 strata for comparison. As 

expected, almost all samples (N=29 of 31, 93.5 %) with a positively charged amino acid 

residue at position 11 were identified as DM, regardless of the baseline CD4 cell count 

(p<<0.01) (Figure 5.4A).  However, the PPV of the presence of a positively charged 
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amino acid at codon 25 increased significantly with decreasing CD4 count (p<<0.001; 

Cochran-Armitage Trend Test) (Figure 5.4B).  Not only was the detection of this 

polymorphism (N = 83 phenotyped samples) strongly dependent upon the individual’s 

CD4 cell count, but also almost all samples (N=12 of 14, 85.7%) with a positive charge 

at codon 25 of the V3 loop and a CD4 count below 100 cells/mm
3
 were phenotyped as 

DM, compared to 19 of 69 (27.5%) with this mutation where the CD4 count was above 

100 cells/mm
3
 (p<0.001). This provides evidence of a CD4-dependent genotype to 

phenotype relationship and is not merely a reflection of DM at low CD4. 

 

The PPV for the DM phenotype from the presence of one or more non-consensus 

amino acids within the potentially N-linked glycosylation region of codons 6 through 8 

of the V3 loop (Figure 5.4C) showed a trend of increasing with decreasing CD4 count 

(p=0.2). A total of 10 of 11 (90.9%) samples from individuals with CD4 cell counts 

below 100 cells/mm
3
 with mutations at these positions were identified as DM, compared 

with 10 of 14 samples (71.4%), with the same set of mutations, in the CD4 stratum 

greater than 100 (p=0.48).  

 

A significantly larger proportion of sequences containing amino acid mixtures 

were observed among DM samples with CD4 counts below 100 cells/mm
3 

(N= 68 of 81, 

83.9%) compared to those with CD4 counts >100 cells/mm
3 

(N=61 of 87 (70%), p=0.05). 

The PPV for the DM phenotype from the presence of one or more amino acid mixtures in 

the V3 loop increased significantly (p<<0.001) with decreasing CD4 (Figure 5.4D). 
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V3 Loop Genotypic also Predicts Magnitude of CXCR4 RLU Signal in In 

Vitro Phenotype Test 

Genotypic predictors of X4 coreceptor usage were also associated with raw assay 

output values (RLU) among samples phenotyped as DM (Figure 5). Those samples with 

the 11/25 genotype exhibited significantly higher median CXCR4 RLU (median [IQR] 

=4.5 log [3.9-5.2]; N=57), than samples with the non-11/25 genotype (3.5 log [2.8-4.2]; 

N=111 p<<0.001). Interestingly, when codons 11 and 25 were analyzed independently, a 

positive charge at codon 25 alone was found to be associated with a higher median 

CXCR4 RLU (4.7 log [4.4-5.1]; N=28, p<<0.001), than a positive charge at codon 11 

alone (4.2 log [3.5-5.2]; N=26, p=0.004). This effect appeared to be additive, as the 

CXCR4 RLU of samples with positively charged residues at both positions 11 and 25 

was even greater (5.9 log [5.6-5.8]; N=3, p<<0.001).  

  

Samples phenotyped as DM containing a mutation away from consensus within 

codons 6 through 8 of the V3 loop, potentially indicative of a loss of an N-linked 

glycosylation site, had a median CXCR4 RLU of 4.5 log [4.1-5.2] (N=20), while samples 

phenotyped as DM without mutations in this region had a median CXCR4 RLU of 3.9 

log [3.1-4.4] (N=148, p=0.02). CXCR4 RLU in samples containing any V3 loop 

mixtures were higher (4.1 log [3.3-4.5]; N=129) than samples without mixtures (3.5[2.7-

4.8] log; N=39, p=0.08).  
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5.4 DISCUSSION 

We have previously investigated the clinical predictors of HIV co-receptor 

tropism [27], in this cohort. This manuscript examines the Monogram Trofile assay 

output (co-receptor phenotype and RLU on the CXCR4 and CCR5 cell lines). Here we 

examine how the raw RLU values vary with patient and virus characteristics. Previously, 

the standard Monogram protease (PR)/reverse transcriptase (RT) resistance assay [32] 

has been used to determine viral replicative capacity using an analogous procedure [33]. 

The RLU’s represent two distinct envelope replicative capacity assays (Env-RCCCR5 and 

Env-RCCXCR4). The range of the Env-RCCXCR4 is much broader than the range of the Env-

RCCCR5 and both are much greater than the PR/RT-RC assay, suggesting that envelope 

variation is more critical to viral replicative capacity than variance in the protease or 

reverse transcriptase. In addition the observation of two distinct peaks in the CXCR4-

using samples may indicate the existence of two subpopulations within the DM 

population. The observation that there is a relationship between Env-RC and CD4 cell 

count also suggests a potential relationship between RLU and infectivity using a single 

cycle entry assay, indicating that it may be reflect a biologically significant parameter.  

 

Consistent with results from other cross-sectional studies [34-37] we observed a 

strong correlation between the presence of CXCR4-using HIV and CD4 cell count. What 

has not been previously reported is the significant, near 8-fold increase in CCR5 RLU 

with decreasing CD4 count in samples phenotyped as being R5 only; this remained 

significant in multivariate analysis, adjusted for plasma viral load. Although, this 

observation would be expected as increased fitness of R5 virus has been known to occur 
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in late stages of disease progression [38-40]. This may be an indication of increasing 

infectivity of the R5-tropic virus in patients who experience progressive immune 

dysfunction, but do not show any sign of a circulating X4-tropic strain and is consistent 

with the suggestion that viral replicative capacity increases with decreasing immune 

surveillance [37] and that disease progression occurs even in the absence of an X4 

switch. What was unexpected is the opposing decrease in CCR5 RLU with CD4 count in 

samples with a detectable X4-using virus, presumably as a result of a decrease in the 

proportion of R5-only virus present.   

 

Changes in immune function as measured by CD4 count not only affect X4 

prevalence [3], but also affect the HIV V3 genotype. This variability in immune pressure 

may therefore alter the genotype to phenotype relationship over the course of disease 

progression, influencing the ability to predict co-receptor phenotype from V3 genotype. 

The presence of positively charged amino acids at V3 positions 11 and 25 are well 

known to be associated with CXCR4 co-receptor phenotype [19], and have been shown 

to be correlated with increased risk of clinical progression in the absence of antiretroviral 

therapy [18,19,41] as well as poorer response to HAART [27]. However, the CD4 

dependence and previously discussed CXCR4 RLU and CCR5 RLU associations are less 

well characterized. Our observations suggest that positions 11 and 25, as well other 

potential codons within the V3 loop, including a loss of a glycosylation site at positions 

6-8 and V3 heterogeneity, contribute independently to increases in magnitude of the 

median CXCR4 RLU as well as the absolute tropism category. We found specific V3 

mutations (such as 11R and 13Y – data not shown) are consistently associated with DM 



 158 

virus, regardless of CD4 count. However, the opposite is true for samples with mutations 

at codon 25, where almost all samples derived from patients with low CD4 count are 

DM, but for patients with high CD4 count the vast majority are not DM. One possible 

explanation is that the context of the gp-120, within which the V3 appears, may be 

influenced by host immune status, consistent with Figure 4. This is supported by the fact 

that ‘swapping’ V3 sequences between X4 and R5 strains usually, but not invariably 

changes in tropism [42, 43]. This independence of positions 11 and dependence of 

position 25 may indicate that the traditional ‘11/25 rule’ may in fact be dissociated, and 

position 11 and 25 may be analyzed independently, depending upon CD4 count. Also, 

the predictive value for CXCR4-usage with arginine compared to lysine at position 25 is 

in contrast to other studies which have indicated that lysine is more predictive of X4-

usage [44, 45]. One possible reason for this disparity may be the different study 

populations used or the fact that the other study was performed in clones instead of in 

patient derived, population-based samples. The CD4 dependence of positively charged 

residues at position 25 and corresponding CXCR4 RLU in DM samples may reflect a 

decrease in immune surveillance and increasing viral infectivity. Indeed, CXCR4-using 

virus had significantly greater CXCR4 RLU if their V3 loop genotype indicated positive 

amino acids at positions 11 and/or 25 (11/25 genotype), as compared to samples 

phenotyped as DM without the 11/25 genotype. This is consistent with the finding of 

previous studies, linking V3 genotype to viral ex-vivo fitness [21] using a position 

specific scoring matrix (PSSM) [25] approach.  
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The presence of the N-linked glycosylation site at position 6 of the V3 loop has 

been associated with high levels of resistance to antibody-mediated neutralization [20], 

while the absence of this V3 loop glycan has been found to increase the efficiency with 

which HIV is able to enter target cells via the chemokine co-receptors CCR5 and CXCR4 

[20] and is associated with increased syncytium formation [46]. Our results are consistent 

with these data, indicating a much higher conservation of the N-linked glycosylation site 

in R5 isolates compared to DM samples, as well as a much greater tendency for CXCR4-

using isolates to have mutations within this glycosylation site at lower CD4 strata. In 

addition to this, deviations from consensus within codons 6 through 8, potentially 

predictive of a loss of the N-linked glycan at this site, correlated with increased viral 

efficiency [20],
 
were associated with greater CXCR4 RLU. 

 

Furthermore, the number of amino acid mixtures observed in the V3 loop, 

indicative of increased envelope heterogeneity, and potentially indicative of increased 

viral diversity, is shown to be significantly associated with the presence of HIV samples 

capable of using the CXCR4 co-receptor. This association strongly suggests that many of 

the samples which are typically referred to as “dual and/or mixed tropic” are likely made 

of mixtures of both R5 and X4 viruses. However, systematic sequence and phenotype 

analyses of clones of these samples were not attempted in order to confirm this. In 

addition, increased V3 loop heterogeneity, a genotypic predictor for X4-using HIV 

samples, was also associated with increased CXCR4 RLU, consistent with data linking 

V3 heterogeneity in X4 isolates with improved ex vivo fitness [21]. 
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It should be emphasised that the population-based sequencing methods and the 

phenotype assay are able to detect only the circulating viral species which make up a 

significant proportion of the total virus present. Limitations of this study include the fact 

that associations between HIV co-receptor usage and clinical parameters are based on 

cross-sectional data from a population of therapy-naïve individuals initiating their first 

antiretroviral treatment during the period 1996 to 1999, and may not be representative of 

the HIV-infected, antiretroviral naïve population in general, nor of individuals treated 

with HAART or co-receptor antagonists.  

 

Another potential limitation is that observations based on RLU results obtained 

from the Trofile assay are limited most directly by the lack of understanding of all the 

factors contributing to expressed RLU. RLU are highly complicated and dependent on a 

variety of cellular expression mechanisms as well as viral envelope and 

envelope/expression vector protein interactions. In addition, the fact that the R5 signal in 

X4-capable (DM) samples is approximately 50 times greater (1.6 log) than the X4 signal 

in the same samples is of interest, and may be partially due to the fact that X4 variants 

are a minority species in the total virus population, although this likely does not explain 

this discrepancy completely. The cell lines in which these assays are performed are based 

on U87 CD4 cells in which the CXCR4 co-receptor is stably expressed [47], however, it 

is known that chemokine receptors can adopt alternate conformations [48], and/or be 

subject to alternate post-translational modifications [49]. It is also not clear whether co-

receptor expression in these cells is entirely representative of co-receptor expression in 

vivo. The ability of X4 virus to infect CXCR4-expressing cells may be partly limited by 
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the interaction between the viral vector gag proteins and the patient-derived envelope 

proteins [50]. Furthermore, as the CCR5 and CXCR4 results are derived from infection 

of independent cell lines direct comparisons of RLU values between the two cell lines 

should be made with caution. Note though, that some CXCR4 signals as high as 10
6
 RLU 

were observed, confirming a very large dynamic range of CXCR4 RLU signal can be 

detected in this assay system.  

 

These data support the correlation between decreasing immune function, as 

measured by CD4 count, with genotypic changes, indicative of increased infectivity. Due 

to the cross-sectional nature of this study, we cannot comment on the causality of this 

relationship. However, our results clearly demonstrate the tightly linked association 

between the immune system and viral genotype as measured by CD4 count and HIV V3 

loop mutations and RLU. This association may be especially important if co-receptor 

usage is inferred using genotypic predictors based on HIV V3 loop sequence (available 

online; http://ubik.microbiol.washington.edu/computing/pssm/ [25]; 

http://coreceptor.bioinf.mpi-sb.mpg.de/cgi-bin/coreceptor.pl  [23]; 

http://genomiac2.ucsd.edu:8080/wetcat/v3.html  [22]) to screen for the suitability of co-

receptor antagonist therapy or other purposes, and illustrates the need to integrate clinical 

information such as CD4 count into the training and testing of future genotype based co-

receptor predictors. In addition, the strong observed association between increasing 

CCR5 RLU for R5-tropic samples at decreasing CD4 and the converse, decreasing CCR5 

RLU for DM samples suggests that clinical information regarding immune status cannot 
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be discounted when interpreting phenotype data, and importantly, understanding the 

association of HIV phenotype from V3 genotype.  
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Figure 5.1: Distribution of CCR5 and CXCR4 RLU for R5 and DM samples.  

 
The grey line represents the percentage of the median CCR5 RLU for all samples 

characterized as using the CCR5 co-receptor exclusively (N=799), while the black line 

represents the percentage of the median CXCR4 RLU for all samples characterized as 

using the CXCR4 co-receptor (N=178). Bin sizes were increased by a factor of 1.7, 

starting at 0.01. Frequency of occurrence for each bin was normalized by the total N. 

Trend lines were created by manually. 
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Figure 5.2: Relative Light Units (RLUs) from CD4/CCR5 and CD4/CXCR4 cells 

from samples identified as using the CCR5 or CXCR4 co-receptors. 

 
The median and interquartile ranges of CCR5 and CXCR4 RLU values (log scale) from 

the Monogram Biosciences (Virologic) Trofile Tropism assay of samples from 

antiretroviral naïve individuals identified as using the CCR5 co-receptor (“R5”; N = 799) 

or the CXCR4 co-receptor with or without CCR5 co-receptor (“DM”; N = 178) are 

indicated as a function of the CD4 cell count.  CD4 counts are grouped into 7 strata: < 25 

(N = 79); 25 - 49 (N = 45); 50 - 99 (N = 82); 100 - 199 (N = 167); 200 - 349 (N = 259); 

350 - 499 (N = 193); > 500 (N = 152).  Linear regressions were derived from raw, rather 

than stratified data. Interquartile ranges are depicted by the vertical error bars. Symbols 

used are: CCR5 RLU from R5 virus (�); CCR5 RLU from DM virus (�); CXCR-4 RLU 

from DM virus (�); and CXCR4 RLU from R5 virus (�). 
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Figure 5.3: Comparison of the percentage of sequence conservation and local net 

charge in samples with R5 and DM phenotype.  

 

(A) The level of sequence conservation at each codon of the HIV-1 V3 loop for R5 or 

DM samples where phenotype and genotype are available (N = 953).  (B) A comparison 

of the inferred local amino acid charges of DM and R5 viruses derived from clinical 

isolates of the HOMER cohort where phenotype and genotype are available (N = 953).   
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Figure 5.4: Proportions and prevalence of samples with specific patterns of V3 

sequence. 

 
In each panel, the proportion of samples with the mutation that are actually DM (left 

hand axis; black diamonds), as well as the proportion of samples of samples without the 

mutation that are DM (left hand axis; open triangles).in each CD4 group, as in Figure 2, 

are shown. The number of samples with a specific mutation pattern are also shown (right 

hand axis; grey symbols).  Data are indicated for those with a positively charged amino 

acid at codon 11 (A), a positive charged amino acid at codon 25 (B), any mutation within 

V3 loop codons 6 to 8 (C) or the presence of one or more amino acid mixtures in the V3 

loop (D). Note that these categories were not necessarily mutually exclusive.  
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Figure 5.5: Associations of V3 loop predictors of X4-tropic HIV with CXCR4 RLU 

in samples phenotyped as DM. 

 

Associations between CXCR4 RLU for samples phenotyped as DM and the absence and 

presence of genotypic predictors are shown. 11-/25-, 11+/25-, 11-/25+ and 11+/25+ 

represent the absence or presence, respectively, of positively charged amino acids at both 

positions 11 and 25. (6-8)- and (6-8)+ represent the absence or presence, respectively, of 

mutations in the region of codons 6 through 8 in the V3 loop, potentially indicative of a 

loss of N-linked glycosylation at position 6. Medians are represented by the solid lines. 

Inter-quartile ranges are represented by the box boundaries and minima and maxima are 

represented by the whiskers.  
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CHAPTER 6 

PREDICTING HIV CO-RECEPTOR USAGE ON THE BASIS OF 

GENETIC AND CLINICAL COVARIATES5
 

 

6.1 INTRODUCTION 

 

HIV-1 enters target cells through a multi-stage interaction of the viral envelope 

protein gp120 with the CD4 host cell receptor and a cellular co-receptor, usually CCR5 

or CXCR4 (reviewed in [1]). Individual virions are able to use one or the other or both 

co-receptors (R5/X4 phenotype). In vivo, R5-only virus is generally present over the 

entire course of infection [2], and X4-capable (X4 and/or R5/X4) variants are detected in 

approximately 50% of infected individuals at end-stage disease. The reason for this co-

receptor switch remains unclear, but both in vitro studies and experiments in animal 

models suggest that the emergence of X4 virus is strongly associated with CD4
+
 cell 

depletion and thus may be an important determinant of pathogenesis [3]. The question of 

whether X4 virus is a cause or emerges as a result of CD4
+
 cell depletion (or both) as 

well as the evolutionary reasons for the development of these variants, remain largely 

unresolved [4]. The capacity of the virus to use CXCR4 lies at least partially in a change 

of several amino acids in the third hypervariable (V3) loop of HIV gp120 [5], although 

sequence changes outside the V3 region also contribute to co-receptor use [6]. 

 

                                                 
5
 A version of this chapter is published as:  

Sing T, Low AJ, Beerenwinkel N, Sander O, Cheung PK, Domingues FS, et. al. Predicting HIV Co-

receptor Usage on the Basis of Genetic and Clinical Covariates. Antiviral Ther.2007;12(7):1097-106 
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In recent years, substantial attention has been devoted to HIV co-receptors due to their 

potential as drug targets, and antagonists of the CCR5 co-receptor are now in advanced 

clinical studies [7, 8]. Notably, co-receptor antagonists represent the first class of anti-

HIV drugs targeting a host protein, rather than a viral protein. Unfortunately, the static 

nature of this target (as opposed to the rapidly adapting viral proteins targeted by 

classical drugs), does not prevent the emergence of resistant mutants. Specifically, 

resistance to co-receptor antagonists can include increased viral binding affinity to the 

co-receptor, changes in CCR5 binding, or the emergence of newly produced or pre-

existing X4 variants [9]. Given the link between emerging X4 virus and disease 

progression, the need for careful monitoring of viral co-receptor usage for screening and 

treatment with CCR5 antagonists is apparent. 

 

Phenotypic assays for monitoring viral drug resistance or co-receptor usage are 

commercially available, but are relatively expensive and have a relatively slow 

turnaround. Approaches based on the viral genotype promise potential alternatives for 

routine clinical usage. The complex relationship between viral genotype and phenotype 

and/or response to therapy has led to the development of sophisticated interpretation 

algorithms which have been successfully implemented for HIV drug resistance testing. 

These algorithms are now widely used to support treatment with the antiretroviral drug 

classes of protease (PIs) and reverse transcriptase inhibitors (RTIs). Genotypic 

approaches for monitoring co-receptor usage aim at detecting X4-capable virus with high 

sensitivity, while minimizing the number of false positives, i.e. R5-only variants that are 

incorrectly predicted as X4-capable. To date, the most popular genotypic predictor of 
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X4-capable virus is the simple “11/25” rule, based on the presence of arginine or lysine 

at positions 11 and/or 25 of the third hypervariable (V3) region of the envelope protein 

gp120 [5, 10-12]. However, previous studies have found the overall reliability of 

sequence motif-based methods for phenotype inference, especially for co-receptor usage 

prediction, to be limited [13]. Moreover, it has been suggested that for many V3 

backgrounds, basic changes at 11 or 25 are neither necessary nor sufficient for a 

phenotype switch [14]. As a consequence, several alternatives based on statistical 

learning methods have been developed (reviewed in [15]), including linear regression 

[16], artificial neural networks [13], decision trees [17], support vector machines [17], 

position-specific scoring matrices [14], and mixtures of localized rules [18]. 

Here, we provide a comparison of these methods in a joint cross-validation 

setting, using a large clonal dataset of HIV V3 genotype-phenotype pairs. The raw output 

of all methods is a numeric score, optimized for class prediction (R5-only versus X4-

capable) via a pre-defined and method-dependent cutoff. In contrast to the scenario 

reflected by clonal data, the viral population in vivo is a swarm of genetically and 

phenotypically heterogeneous variants, often termed a "quasispecies" [19]; therefore, 

approaches which give satisfactory results on clonal data may not be satisfactory on 

clinically derived data. In order to obtain a representative sample of this quasispecies, a 

substantial number of clones would have to be phenotyped and/or genotyped, which is 

not presently feasible in routine clinical practice. Instead, both the genotype and the 

phenotype are obtained using bulk or “population-based” approaches. To address these 

challenges of population-based data, we describe a strategy for dealing with sequence 
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ambiguities and integrating clinically derived data into the prediction of co-receptor 

usage.  
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6.2 METHODS 

Sequence Alignment  

Clonal and clinical samples were aligned with the multiple alignment package 

MUSCLE [20], using standard parameters, followed by visual inspection. No manual 

alignment correction was necessary. 

 

Statistical analysis  

Throughout, the association between discrete quantities was assessed using 

Fisher’s exact test, while differences between the medians of numerical quantities in 

specific groups were assessed using Wilcoxon’s rank sum test. The association of 

specific mutations with co-receptor usage and the covariation among pairs of mutations 

were also assessed using Fisher’s exact test. In both cases, correction for multiple testing 

was performed using the Benjamini-Hochberg method at a false discovery rate of 5%. 

The R package covaRius [21] was used for analyzing mutation covariation, and is 

available from the authors upon request. 

 

Statistical learning  

The unifying principle underlying all statistical learning methods is that they rely 

on a training set of data in order to fit a model. In our case, the training data consists of 

V3 sequences (and augmented with clinical parameters in the second part of the study) 

for which the corresponding phenotypic co-receptor usage has been determined. The 

trained model can then be used to predict co-receptor usage from the V3 loop sequence 
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(and clinical data if applicable) from other samples. Support vector machines were 

trained using the package libsvm. Decision trees were trained with Q5.0, and artificial 

neural networks were trained using the backpropagation algorithm implemented in the R 

package nnet. PSSMs were implemented in R according to the description in [14], and 

mixtures of localized rules were implemented in Perl as described in [15]. For SVMs, a 

linear kernel was used, as standard nonlinear kernels did not improve prediction. 

Adjustable parameters were optimized in 10x10-fold cross-validation using the area 

under the ROC curve as the objective function (SVM cost: 2
-5

; neural network weight 

decay 2
3
). For SVMs, probabilistic output was obtained using Platt’s method [22], as 

implemented in libsvm. As described in detail in the Results, different SVMs were 

trained separately on a clonal dataset and on data from population-based sequencing, to 

assess potential differences in predictive performance that can be expected from the two 

different sources. 

 

Model evaluation  

Throughout, predictive models were inferred and tested using 10x10-fold cross-

validation. The clonal dataset consists of 1,100 samples from 332 patients. To reduce 

epidemiological bias, a maximum of one R5-only and one X4-capable sample from each 

patient was included in each cross-validation run. For many patients, multiple sequences 

were available. Those that are used in a particular training or test run were determined by 

random sampling in order to avoid overfitting to a single patient. This resulted in 100 (10 

replicates of 10-fold cross-validation) training/test sets where seventy of these training 

sets contained 240 R5-only sequences, and 30 of them contained 241 R5-only sequences, 
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while 80 training sets contained 70 X4-capable sequences and the other 20 contained 71 

X4-capable sequences. Predictive performance was analyzed using the R evaluation 

package ROCR [23], focusing on the trade-off between sensitivity and specificity which 

can be controlled by choosing a prediction cutoff for turning the continuous scores into 

actual class predictions. The area under the ROC curve was taken as a cutoff-independent 

class separation criterion. Averaged ROC curves were estimated from the 10x10 

individual cross-validation curves using vertical or threshold averaging, as indicated in 

Figures 1 and 3. The calibration error [23] of the clinical SVM was assessed by pooling 

the scores obtained from ten individual folds within a replicate (using the ROCR default 

bandwidth of 100 samples), followed by vertical averaging over the ten replicates.  

 

Feature ranking from SVM models 

The weights of individual features in SVM models were obtained by exploiting 

the bilinearity of the scalar product that defines the linear kernel, as described in [21]. 

Briefly, the SVM decision function can be written as f(x)=∑yi αi k(xi,x) + b, with (xi, yi) 

denoting training sequences and their true co-receptor usage, where x denotes a novel 

sequence whose co-receptor usage is to be predicted, and αi and b are the support vector 

weights and a general offset, respectively. In the case of a linear kernel k(x,y)=<x,y>, the 

decision function can be rewritten as a model which is linear in the features (mutations 

and clinical parameters), allowing for direct assessment of the model weights: f(x)=<∑yi 

αi xi ,x >+b. 
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Treatment of sequence ambiguities in SVMs   

The standard amino acid indicator representation used for SVMs consists of 20 

variables (of value zero or one) for each of the 35 main V3 positions. Values of one 

indicate the presence of a particular amino acid at a particular position, whereas values of 

zero indicate its absence. In contrast to clonal samples, population-based clinical samples 

require a strategy for handling sequence ambiguities. The strategy used in this study 

ensured maximal sensitivity in X4 detection. This means that during model training, 

when the true class of samples is known, in X4-capable samples only X4-associated 

mutations are retained at ambiguous positions, and the dual approach is performed for 

R5-only samples. When a model is used for prediction, the sequence of all samples is 

modified as if they were X4-capable. This strategy corresponds to a “worst-case” 

scenario and improved predictive performance (data not shown) compared to a naive 

approach in which all mutations in an ambiguous sequence are considered in the 

indicator representation. V3 sequence positions that are not represented within the 

standard 35 amino acids due to insertions or deletions were ignored, except in the 

calculation of net charge or ambiguous positions.  

  

Molecular graphics 

The importance of specific sequence positions was superimposed on the three-

dimensional structure of a V3 loop in the context of the gp120 core (Protein Data Bank 

identifier 2B4C) using the molecular viewer Pymol.  
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6.3 RESULTS 

Reliability of prediction methods, evaluated on matched clonal pairs of V3 

genotype and co-receptor usage phenotype  

We compare the predictive performance of the “11/25” rule with alternatives 

based on statistical learning [13, 14, 17, 18] using ten replicates of 10-fold cross-

validation. The comparison is based on 1,110 clonal genotype-phenotype pairs obtained 

from the Los Alamos HIV Sequence Database and from selected publications (the dataset 

is available for download at www.geno2pheno.org). The samples originate from 332 

patients, with 769 R5, 131 R5/X4, and 210 X4 phenotypes. R5/X4 and X4 variants were 

pooled into a single class (X4-capable), as opposed to variants that are limited to using 

CCR5 (R5-only). 156 samples (14%) had insertions or deletions relative to the subtype B 

V3 consensus sequence, - CTRPNNNTRKSIHIGPGRAFYTTGEIIGDIRQAHC -  the 

reference for position numbering in this study. It should be noted that the V3 region of 

the HXB2 [24] sequence has two insertions and one deletion relative to this consensus 

sequence. 

 

The “11/25” rule has a mean sensitivity of 59.5% in detecting X4-capable 

variants and a mean specificity of 92.5% on the clonal isolates, in good agreement with 

previous studies. We compared this with a variety of other prediction methods in the 

framework of receiver operating characteristic (ROC) analysis [23] to analyze the 

sensitivity/specificity trade-off across the range of all possible cutoffs (Figure 6.1). These 

analyses, and all previous studies, are based on genetically and phenotypically 

homogeneous clonal samples. The ROC curve [23] shows the trade-off between 
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sensitivity and specificity by varying the score cutoff for all compared predictive 

methods. In our analysis, decision trees, neural networks, mixtures of localized rules or 

simple modifications of the ‘11/25’ rule led to only minor improvements in predictive 

performance over the ‘11/25’ rule when a method-specific cutoff corresponding to the 

‘11/25’ specificity of 92.5% was chosen. In contrast, classifiers based on position-

specific scoring matrices (PSSMs) or support vector machines (SVMs) significantly 

outperformed the ‘11/25’ rule, increasing sensitivity by 12.4% and 16.9% respectively at 

the ‘11/25’ rule specificity. Using Wilcoxon’s ranks sum test, the differences in 

sensitivity between the SVM and PSSM (p=0.03) or 11/25 (p<10
-12

) were significant at 

this specificity. SVMs and PSSMs also showed significantly higher areas under the ROC 

curve (AUC) than the three other methods (0.91 and 0.90 respectively), indicating an 

overall improvement in the ability to distinguish X4-capable samples from R5-only 

samples. 

 

Reliability of prediction methods on population-based genotype-phenotype 

pairs obtained from clinical practice  

Clinically derived samples often contain mixtures of co-existing viral variants. 

Sequence ambiguities that remain undetected either by genotyping or phenotyping may 

differ from the exact genotype-phenotype match seen in clonal samples. The extent to 

which the population-based data confound the genotype-phenotype relation is evaluated 

here on a large clinical dataset.  In order to assess the predictive performance of these 

methods on clinically derived isolates, we analyzed plasma samples from 952 

antiretroviral-naïve patient samples with matched V3 genotype and co-receptor 
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phenotype. V3 genotype was previously determined using population-based ‘bulk’ 

sequencing techniques and co-receptor phenotype was obtained using the Trofile Co-

receptor Assay (Monogram Biosciences) [25]. Only one sample was phenotyped as pure 

X4 with the co-receptor assay, suggesting that in vivo, X4 virus is only rarely present 

without concomitant R5 variants. 

 

A total of 41 mutations at 19 V3 positions were significantly associated with co-

receptor usage (25 predicting X4-capability, 16 predicting R5-only variants) in univariate 

analysis, using Fisher’s exact test and correcting for multiple testing with the Benjamini-

Hochberg method at a false discovery rate of 0.05 (Table 6.1). In Figure 6.2, the 14 V3 

positions with X4-associated mutations are highlighted on the only V3 loop structure in 

context of the gp120 core available to date (Protein Data Bank identifier 2B4C). Most of 

the significant mutations are located close to the tip of the loop, where the two strands of 

the β-hairpin are in close spatial proximity. The well-known 11R mutation (p=1.58x10
-

20
) was present in 31 samples (often in mixtures also containing glycine or serine), 29 of 

which (94%) were phenotyped as X4-capable. However, other mutations were also 

strong X4 determinants. Mutation 13Y (p<10
-8

) occurred in 21 samples, 16 of which 

were phenotyped as X4-capable. In all cases in which samples with 11R or 13Y were 

phenotyped as R5, sequence ambiguities were present at these positions, possibly 

indicating cases of genotype-phenotype mismatch. To assess the evolutionary role of 

13Y and other mutations, we analyzed mutation covariation between all pairs of the 25 

X4-associated V3 mutations, again using Fisher’s exact test with the Benjamini-

Hochberg method at a false discovery rate of 0.05. In this analysis, mutation 13Y was not 
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significantly associated with any mutation in a prominent cluster comprising 9S, 11R, 

13S, and 24R, which had been partly described in a previous covariation analysis based 

on mutual information [12]. This suggests that 13Y (and possibly other V3 mutations) 

are involved in alternative evolutionary pathways from R5-only to X4-capable 

genotypes.  

 

After this univariate analysis, we evaluated the predictive performance of the 

multivariable models on the population-based data, in comparison to the performance on 

the clonal data. We focused on the 11/25 rule (as the classical approach) and the SVM 

(as the best-performing prediction method on the clonal data). The specificity of the 

11/25 rule remained close to that observed for the clonal data (93.5%), but the sensitivity 

decreased to 30.5% from 59.9% as observed in the clonal dataset. SVM-based prediction 

was evaluated using 10x10-fold cross-validation. Averaged over the 100 test sets from 

the cross-validation data, the mean sensitivity of the 11/25 rule was even lower (25.9%) 

than on the dataset as a whole, at a mean specificity of 93.9%. SVM-based prediction 

again outperformed the 11/25 rule, but, as compared to the clonal data, also decreased 

substantially in sensitivity to 39.8% at the 11/25 specificity of 93.5%. 

 

Improving predictive performance for population-based data by integrating 

clinical markers 

To identify potentially useful markers of co-receptor usage, we examined clinical 

parameters, including plasma viral load (VL), CD4 and CD8 cell counts, and the 

percentage of CD4
+
 T-cells (CD4%) at the time of sampling for all of the 976 HOMER 
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patients [25]. Moreover, patients were tested for heterozygosity at the CCR5 ∆32 allele, a 

32-basepair deletion resulting in non-functional CCR5 co-receptors [26]. The univariate 

association between clinical features and co-receptor usage is summarized in Table 6.2. 

To assess the predictive benefit of these features when combined with a purely sequence-

based prediction approach, we evaluated different feature subsets in combination with a 

SVM-based classifier. The best feature combination relied on four additional features 

(log10(CD4%); host ∆32 heterozygosity; number of ambiguous amino acid V3 positions; 

and a variable indicating the presence of insertions or deletions in the V3 sequence). The 

improvements in sensitivity over the 11/25 rule and the purely sequence-based SVM 

were substantial when the clinical parameters are considered (Figure 6.3). The sensitivity 

of 63% at the “11/25” specificity corresponds to a 2.4-fold improvement in detecting X4-

capable samples relative to the “11/25” rule. A SVM-based feature ranking showed that 

221 of the 704 variables had non-zero weights in the combined model. In particular, 98 

variables contributed to increased CXCR4 propensity, and 123 variables to increased 

CCR5 propensity, with the 30 variables for both showing an initially sharp decline in 

feature ranking before flattening out (Figure 6.4). The top 5-ranking variables were CD4 

percent, the presence of mutation 13Y, the presence of mutation 11R, the number of 

ambiguous V3 positions, and the presence of mutation 24G. The probabilistic SVM 

output was generally well-calibrated (approximately 75% of the samples with X4 

probability of 75% were indeed X4-capable; data not shown).  
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6.4 DISCUSSION 

 

Genotypic methods for determining HIV co-receptor use from HIV V3 sequence 

can complement phenotypic assessments. This may allow large scale routine clinical 

assessments of co-receptor usage, which will be essential for the implementation of co-

receptor antagonists. This study aimed to identify how close we are to reaching this 

promise and to provide directions for further improvement. 

 

SVMs provide substantial improvement over the classical “11/25” rule as well as 

a modest improvement over the PSSM method. Still, training and testing SVMs on our 

clinically derived, population based genotype-phenotype dataset reveals a substantial 

decrease in sensitivity, compared to clonal data. The extent of this decrease contrasts 

with previous experience with the prediction of phenotypic resistance to protease or 

reverse transcriptase inhibitors. In that case, satisfactory results can be obtained even 

when using population-based data, and from as few as 500 genotype-phenotype pairs 

[27]. 

   

We hypothesize that the transition from clonal to clinically-derived data has a 

more profound impact on predicting co-receptor usage than on predicting phenotypic 

resistance, due to the different nature of the reported phenotype. In drug resistance, the 

phenotype is reported as a continuous quantity — the fold-change in 50% inhibitory 

concentration as compared to a reference strain — and the presence of mixed populations 

will only cause the reported phenotype to be more variable around the mean value in 

repeated experiments, as compared to measurements on homogeneous populations. In 
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contrast, co-receptor usage phenotype is a categorical quantity, and instead of only 

increasing measurement variability, mixed populations can lead to a complete mismatch 

between genotype and phenotype. Furthermore, X4 virus is usually present as a mixture 

or a minority species whereas resistance mutations are often the predominant viral 

species. The mismatch can be due to X4-capable variants detected in the phenotype, but 

undetected in the genotype, usually because they are a minority species. As an example, 

some of the population-based samples share identical nucleotide sequences of the 

sequenced regions, but are associated with different phenotypes. Mutations outside of the 

V3 region might also be relevant for predicting the coreceptor phenotype. On the other 

hand, X4-capable variants may remain undetected in the phenotype assay; when 74 of 

these clinical samples were tested with a second recombinant phenotype assay an assay 

agreement of only 85.1% was observed [28].  

 

The intricacies of population-based data can be compensated for by leveraging 

additional information which is routinely available in the clinical setting, but not with 

clonal data. Indeed, we have shown that the very source of these intricacies, namely the 

genetic diversity of the viral population as measured by the number of ambiguous 

sequence positions, can be one of the most important predictors of co-receptor usage both 

in univariate analyses and in SVM-based models. Remarkably, the association between 

increasing viral genetic diversity and increased CXCR4 propensity observed here on 

cross-sectional, population-based data supports the model of env evolution postulated in 

the longitudinal study [29] on the basis of multiple clones per time point. Beyond the 

viral genomic information, we show that the host genome (CCR5 ∆32 heterozygosity), 
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and more significantly, host immunological status (as measured by CD4%) contain 

information relevant for predicting the potential presence of undetected X4-capable 

variants. While these quantities may or may not be causally related to co-receptor usage, 

the association with these parameters clearly helps distinguish environments that are 

more typical of X4-capable variants. Alternatively, the actual relationship between the 

V3-genotype and viral co-receptor phenotype may itself be dependent on CD4 count or 

CD4%, due to the overall virological context in which the V3 genotype is considered . 

These additional data on viral diversity, host factors, and host immunological status 

contain non-redundant information, as evidenced by the substantial improvements in 

predictive performance compared to purely sequence-based prediction.  

 

The most important limitation of the present and previous studies is the exclusive 

consideration of the V3 region. There is accumulating evidence that other parts of the 

“bridging sheet” that connects the gp120 inner and outer domain are critically involved 

in co-receptor selectivity [30] and using key mutation in these regions could substantially 

increase the sensitivity of any genotype-based prediction algorithm. 

 

By assembling a large dataset on co-receptor usage for population-based samples, 

we demonstrate that performance evaluations of clonal data — the basis for all prediction 

studies to date — provide positively biased estimates of the predictive reliability of 

genotypic methods for predicting HIV co-receptor use in clinical practice. In the latter 

scenario, the prediction problem is complicated by the use of population-based 

genotyping and phenotyping, and the presence of genetically and phenotypically 
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heterogeneous — possibly even undetected — viral subpopulations. A multitude of V3 

mutations appear to be associated with co-receptor usage, in addition to the classical 

mutations at positions 11 and 25. The role of these mutations should be confirmed in 

vitro using mutagenesis studies in a variety of genetic backgrounds. Our results show 

consistent advantages to statistical learning methods over the 11/25 rule, but also 

highlight that the choice of adequate covariates is as important as the choice of the 

learning method. In particular, additional information on viral diversity (number of 

ambiguous V3 sequence positions), host immunological status (CD4%), and host genetic 

factors (CCR5∆32 haplotype) can indicate whether a given host ecosystem is typical for 

the presence of X4-capable variants.  
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Table 6.1: V3 mutations significantly associated with co-receptor usage in 

univariate analyses of the population-based data. 

 
N6 

97.0/0.14 
N7 

96.7/0.16 

T8 
96.9/0.16 

R9 
93.0/0.50 

S11 
56.4/1.29 

I12 
94.0/0.38 

H13 
70.5/1.91 

R18 
75.7/1.45 

A19 
86.5/0.85 

F20 
84.4/1.13 

N (-3.8) 
97.0/98.1/92.1 

N (-6.0) 
96.7/98.2/89.9 

I (-4.0) 
1.4/0.4/4.5 

R (-7.9) 
93.0/95.5/82.0 

R (-19.8) 
3.2/0.3/16.3 

I (-3.5) 
94.0/95.4/87.6 

Y (-8.8) 
2.3/0.6/9.6 

S (-2.2) 
8.0/9.3/2.2 

V (-6.0) 
3.9/2.3/11.2 

F (-6.2) 
84.4/87.4/71.3 

 Y (-3.0) 
0.4/0.0/2.2 

T (-3.6) 
96.9/98.0/92.1 

S (-4.2) 
2.8/1.6/7.9 

  S (-4.6) 
4.6/3.1/11.2 

 A (-3.2) 
86.5/88.4/78.1 

V (-5.2) 
1.8/0.8/6.7 

   K (-3.7) 
0.5/0.0/2.8 

  T (-2.8) 
5.0/3.9/10.1 

   

      R (-2.8) 
3.8/2.8/8.4 

   

 
Y21 

86.9/0.93 
A22 

71.5/1.15 
T23 

93.2/0.59 
G24 

84.7/1.07 
E25 

44.8/2.50 
I26 

92.4/0.39 
I27 

88.8/0.84 
I30 

97.1/0.13 
Q32 

82.9/1.17 
 

H (-5.2) 
1.8/0.8/6.7 

A (-4.5) 
71.5/74.5/58.4 

T (-4.6) 
93.2/95.0/85.4 

R (-11.4) 
2.3/0.4/10.7 

D (-4.8) 
34.4/37.4/20.8 

I (-2.6) 
92.4/93.7/86.5 

V (-4.2) 

7.1/5.4/14.6 

I (-2.7) 
97.1/98.0/93.3 

Q (-4.0) 
82.9/85.2/72.5 

 

I (-3.8) 
0.9/0.3/3.9 

T (-4.4) 
27.0/24.2/39.9 

A (-2.7) 
1.8/1.1/5.1 

G (-7.9) 
84.7/88.1/69.7 

R (-4.6) 
4.6/3.1/11.2 

 I (-3.7) 
88.8/90.7/80.3 

 K (-3.6) 
13.5/11.5/22.5 

 

  R (-2.7) 
1.2/0.6/3.9 

E (-3.9) 
5.7/4.3/12.4 

Q (-3.8) 
7.0/5.4/14.0 

 A (-3.0) 
0.6/0.1/2.8 

   

   S (-3.0) 
0.6/0.1/2.8 

N (-2.6) 
2.6/1.8/6.2 

     

* Header row shows the most frequent residue at the V3 position with relative frequency/entropy below. 

Underlined mutations predict X4-capable virus, while the remaining predict R5-only virus, with relative 

frequency of All/R5-only/X4 samples below. P-value is indicated in brackets as log10.  
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Table 6.2. Univariate association of individual parameters with co-receptor usage. 

 

Parameter N R5 (N) 

R5-only 

[mean; median 

(IQR)] 

X4 (N) 

X4-capable 

[mean; median 

(IQR)] 

P-value 

(Wilcoxon) 

Viral load     

(x10
3 

copies/mL) 
976 799 

220.7; 120 

(48.5-310) 
177 

279.5; 175 (84-

415) 

0.0008 

 

       

CD4+ T-cell 

count   

(cells/mm
3
) 

976 799 
318.6; 290 

(155-430) 
177 

175.3; 110 (30-

260) 

7.8x10
-21 

 

       

CD8+ T-cell 

count   

(cells/mm
3
) 

790 656 
933.2; 840 

(580-1140) 
134 

945.0; 790 (470-

1210) 

0.5157 

 

       

CD4 percentage 790 656 
20.12; 19.00 

(12.00-27.00) 
134 

10.29; 8.00 

(3.00-15.00) 

<<0.0001 

 

       

# ambiguous V3 

positions 
952 785 

1.09; 1.00 

(0.00-2.00) 
167 

2.64; 2.00 

(1.00-4.00) 

<<0.0001 

 

       

V3 net charge 952 785 
5.02; 5.00 

(4.00-6.00) 
167 

5.78; 6.00 

(5.00-7.00) 

<<0.0001 

 

       

Parameter N R5 (N) 

R5-only       

(N; %) X4 (N) 

X4-capable                 

(N; %) 

P-value 

(Fisher’s 

exact) 

       

Insertions or 

deletions 
952 785 64; 8.15% 167 24; 14.37% 

0.0177 

 

       

CCR5 wt/∆32 

genotype 
964 789 94; 11.91% 175 34; 9.43% 

0.0132 
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Figure 6.1. Predictive performance of the 11/25 rule and five statistical learning 

methods, assessed on clonal data.  

 

Evaluation was performed using ten replicates of 10-fold cross-validation, followed by 

threshold averaging of the ROC curves. The dotted vertical line indicates the specificity 

of the 11/25 rule (92.4%). While decision trees (DT), mixtures of localized rules (MLR), 

and artificial neural networks (ANN) did not improve substantially over the 11/25 rule in 

our analysis, PSSMs and SVMs did significantly improve sensitivity by 12.4% and 

16.9%, respectively. One standard error indicates the sensitivity spread of 11/25 rule, 

PSSM, and SVM at the specificity of 92.4%. 
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Figure 6.2. V3 loop predictors of CXCR4 usage.  

 

The 35 amino acid V3 loop is shown extending from gp120. Amino acid positions are 

numbered from the N-terminus and colored according to the most relevant substitution 

(log10 p-value) from consensus for predicting co-receptor phenotype. Predictive ability 

varies from red (most significant) to blue (least significant). Positions without any 

mutation significantly associated with X4 virus are shown in grey. 
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Figure 6.3. Predicting co-receptor usage on population-based data.  

 

ROC curves are obtained by threshold averaging from ten replicates of 10-fold cross-

validation. Bars indicate one standard error in horizontal and vertical direction. The 

11/25 rule performs better when it is applied also in the presence of ambiguous positions 

11 or 25 (11/25[b]), as compared to the requirement of unambiguous positions in these 

places (11/25[a]). Compared to the clonal dataset (Fig. 1), a substantial performance 

decrease is observed not only for the 11/25 rule, but also for the SVM with amino acid 

indicator representation (SVM). The inclusion of additional features (CD4%, number of 

sequence ambiguities, host CCR5 ∆32 heterozygosity, presence of insertions/deletions), 

leads to considerable improvements in predictive performance (SVM and CLINICAL).  
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Figure 6.4. Feature ranking for the SVM trained on the clinical dataset.  

 

The feature set consists of 704 variables: for each of the 35 V3 positions, 20 variables 

indicate the presence of specific amino acids and four additional variables represent 

CD4%, number of sequence ambiguities, host CCR5 ∆32 heterozygosity, and presence 

of insertions/deletions, respectively. The labels along the horizontal axis indicate the V3 

position and the most prevalent amino acid at each position. Bar height represents the 

weight of a mutation. Only the 30 most important mutations for predicting X4-tropism 

(A) or R5-tropism (B) are illustrated. The weights of the four additional variables are as 

follows – CD4%: -1.40, #sequence ambiguities: 0.57, ∆32: 0.30, indel: -0.06. 
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CHAPTER 7 

 

GENERAL DISCUSSION AND CONCLUSION 
 

 

7.1 Introduction 

Highly Active Antiretroviral Therapy (HAART) for HIV infection has made a 

substantial impact on AIDS mortality [1-5], but faces pressing challenges because of the 

life-long nature of therapy and the virus’ capacity to mutate rapidly. The introduction of 

CCR5 antagonists [6,7]  and integrase inhibitors [8], which will be available soon, have 

improved the ability to treat HIV infection by targeting novel mechanism for inhibiting 

HIV replication even in patients with virus resistant to current regimens. However, 

CCR5-antagonists pose a unique problem. CCR5-antagonists are not effective at 

reducing the plasma viral load in individuals with detectable circulating CXCR4-using 

virus [9], making these drugs unsuitable for patients with CXCR4-using virus. It is 

therefore essential to screen for HIV co-receptor usage in patients prior to considering 

them for CCR5-antagonist based therapies. Currently, screening is performed by 

recombinant co-receptor phenotyping assays, however, using the HIV envelope sequence 

to predict co-receptor usage may greatly reduce the cost and time associated with 

screening patients.  

 

As described earlier, the general aim of this thesis is to evaluate the performance 

of genotype-based predictors of co-receptor usage as well as the recombinant phenotype 

assays on which they are tested in the clinical setting, with the purpose of investigating 
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how they can be improved. This chapter summarizes the major conclusions of each of the 

individual research papers, and discusses these conclusions in context of new studies that 

have been published since the undertaking of the studies presented here. This will be 

followed by a discussion of the broader implications of this work, as well as the potential 

application of these results in modern clinical practice. 
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7.2 Sensitivity of HIV Genotype-Based Co-receptor Prediction 

Algorithms 

Bioinformatic, V3-loop-based approaches of predicting the genotype, such as 

support vector machines [10,11], neural networks and position specific scoring matrices 

[12] have already been proposed as useful methods for quickly and efficiently 

determining viral co-receptor phenotype in clonal isolates[13,14]. However, these studies 

failed to assess the sensitivity and specificity of these methods in clinical samples, which 

is of particular relevance if they are to be used to screen patients for CCR5 antagonists. It 

is for this reason that we undertook this study, which is the largest evaluation of the 

performance of HIV V3-genotype-based predictors on clinically-derived samples to date. 

This work highlights the lack of sensitivity inherent in these methods, due, in part to the 

difficulties associated with detection of minority variants.  

It was surprising to note that the SVMgenomiac displayed poorer sensitivity than the 

simple ‘11/25’ rule, which predicts a sample as being X4-capable if positions 11 and/or 

25 of the V3 loop are positively charged amino acids. However, it soon became apparent 

that this was likely a result of training with viral sequences originating from mixed clade 

datasets. This observation, combined with previously published data suggesting that V3 

sequence-based PSSMs need to be specifically trained for virus originating from 

different clades [15], indicates the importance of determining viral clade before the use 

of genotype-based predictors. 

 

Although genotype-based predictors of HIV co-receptor phenotype are currently 

inadequate for clinical applications, specific strategies have been proposed which could 



 214 

enhance sensitivity of these methods. Increasing the limit of detection of minority 

variants will likely yield the most significant improvements in genotype-based co-

receptor phenotype prediction. Technologies such as heteroduplex tracking assays [16], 

or new sequencing methods such as 454 ‘deep sequencing’ [17] technologies are two 

examples which may improve the ability to detect minority X4 variants, and therefore 

increase sensitivity. Incorporating envelope sequences outside of the V3 region, and/or 

using clinical information such as CD4 count is also likely to result in increased 

sensitivity. Immediately evident is the observation that the type of bioinformatic 

algorithm used for training and prediction (PSSM, SVM etc) does not appear to influence 

the predictive ability of genotype-based methods as greatly the quality and 

appropriateness of the training set. The importance of training and testing on clinically 

derived data has not yet been evaluated, however, it is plausible that predictors, such as 

those evaluated in chapter three, which use training data from clonally derived sequences 

may not perform as well when tested on population based data, particularly due to 

undetected minority species. Until genotype-based predictors become as sensitive as co-

receptor phenotype assays, or unless they can demonstrate increased effectiveness at 

predicting patient outcome with CCR5-antagonists, co-receptor phenotype assays will 

likely remain the ‘gold-standard’ for the screening of CCR5-antagonist based therapies. 
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7.3 Comparison of HIV Recombinant Co-receptor Phenotype 

Assays: Is there a ‘Gold Standard’? 

There are currently two commercially available co-receptor phenotype assays, 

including the Trofile co-receptor assay by Monogram Biosciences [18], and the Tropism 

Recombinant Test (TRT) assay by VIRAlliance [19]. A new co-receptor tropism assay 

by Virco will also be made available soon [20]. All assays have been well validated with 

regards to accuracy, reproducibility, and sensitivity of detection for minority variants 

using well defined clonal isolates [18-20]. However, these assays have yet to be validated 

against each other with patient-derived samples, where CXCR4-using virus may exist as 

a dual and/or mixed minority variant.  

 

In order to examine the accuracy of these assays in clinical samples, we compared 

the results of the Trofile and TRT assays in a panel of 74 clinically-derived samples, and 

found an overall concordance of 85.1% between methods. Determining a pattern behind 

discordances would ultimately require a much larger sample size, however, our data 

suggested that most discordances occurred due to the inherent inconsistencies in 

sampling the extremely variable viral populations which occur in clinical samples. 

CXCR4-capable samples likely exist at varying levels and with varying affinities for the 

CXCR4 co-receptor. Even if an assay is 100% sensitive at determining if a viral isolate is 

X4-capable, there is no guarantee that a minority X4 variant will be amplified during RT-

PCR, efficiently packaged into a pseudotyped virion, and ultimately detected using a 

phenotypic test. Another concern is that the levels of receptors and co-receptors 

expressed in the cell lines used in these assays may exceed those found on natural target 
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cells [21]. Since chemokine expression varies between individuals [22], it could be 

expected that the level of viral co-receptor affinity would vary, as a function of intra-

individual evolution, correspondingly. Repeated tests on identical patient-derived plasma 

samples would significantly help in determining the reproducibility of these assays and 

would go a long way in characterizing their reliability in the clinical setting. However, 

despite these uncertainties, current recombinant HIV co-receptor assays are significantly 

more sensitive than current methods of predicting co-receptor usage from the HIV 

envelope. These recombinant assays are, at present, the most widely used methods of 

determining co-receptor usage and will likely remain the method of choice for screening 

prior to the use of CCR5-antagonist based therapies until there are improvements in 

genotyping technology.  
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7.4 Correlations of the output of a Recombinant Co-receptor 

Phenotype Assay with V3 Genotype and Clinical Immune Status 

The use of recombinant co-receptor phenotype assays in clinical practice is 

relatively recent, and thus there has been little research focused on how these assays 

correlate with previously known clinical and genotypic predictors of HIV co-receptor 

usage.  The published manuscript forming the basis of chapter five is the largest analysis 

to date comparing the results of a HIV recombinant co-receptor phenotype assay with 

clinical and genotypic markers of co-receptor usage. The association of relative light 

units (RLU) with CD4 count, which is a significant predictor of CXCR4-usage, as well 

as previously determined genotypic predictors of co-receptor usage present in envelope 

V3 loop suggests that the raw output of these recombinant assays may include relevant 

information regarding both HIV tropism as well as disease progression. A similar study 

performed with longitudinal samples may reveal tighter associations. In addition, the 

observed bi-modal distribution of CXCR4 RLU in patients with DM virus indicates the 

potential existence of two subtypes of CXCR4-capable virus. X4 virus has been 

hypothesized to evolve through a transitional period where its ability to bind to, and 

infect CXCR4-expresing CD4+ cells is at an intermediary level compared to truly X4 

and truly R5 virus [23]. Thus, the bimodal distribution may represent both the 

transitional DM virus and a more strongly CXCR4-tropic, purely X4 virus. However, 

another study focused directly at answering this hypothesis will be required before this 

can be verified. 
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Since the magnitude of observed CXCR4 RLU appears to be associated with 

genotypic predictors of X4-tropic virus, it is possible that they may also provide a 

continuous variable which could function as a predictor of clinical progression. Perhaps 

most importantly, they may function as a more useful predictor of response to CCR5-

antagonists than the binary tropism calls made by these assays. If CXCR4 RLU could 

indeed be used to predict clinical progression and/or response to CCR5-antagonists, this 

would be extremely useful in the clinical setting. We hope that the results of this study 

will lead to studies that may further dissect the relationship between the continuous 

outputs of recombinant co-receptor phenotype assays, genotypic outputs and clinical 

progression. 
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7.5 Using Clinical Parameters to Improve Prediction of HIV V3 

Genotype-Based Predictive Algorithm 

Although a number of HIV V3 genotype-based co-receptor phenotype predictors 

have been developed, their sensitivity on patient-derived samples is poor, thus limiting 

their usefulness in a clinical setting. One of the goals of this thesis work, however, was to 

identify methods which could improve the sensitivity of genotype-based predictors, 

while maintaining high specificities (>90%). The study in chapter six clearly 

demonstrates how the sensitivity of clonally trained HIV genotype-based predictors of 

co-receptor usage suffers when they are tested on patient-derived samples, likely due to 

the presence of minority variants. This study also demonstrated that leveraging additional 

information readily available from population genotyping methods, as well as other 

clinical (CD4 and CD4%) and host genome (CCR5∆32 heterozygosity) information can 

improve sensitivity by up to 17%, depending on the predictor used. Host immune status, 

as measured by CD4%, provided the greatest increase in sensitivity. This data, combined 

with the CD4-dependence of predicting CXCR4-using virus with positively charged 

residues at position 25 of the V3 loop strongly suggests that the host immune system can 

provide useful information regarding the context within which the V3 region can be 

interpreted. In practical terms, the data in our study indicates that the V3 loop cannot be 

interpreted in isolation, which becomes especially important for future V3 loop-based 

genotypic predictors of HIV co-receptor usage.  
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7.6 Concluding Discussion 

The introduction of CCR5 antagonists such as maraviroc increases the options 

available for constructing antiretroviral regimens; however it is coupled with the caveat 

that patients should be tested for HIV co-receptor tropism prior to initiating therapy. 

Failure to do so increases the risk that they may be integrating an ineffective drug into 

their regimen, thereby reducing the effectiveness of viral suppression as well as greatly 

increasing their risk for developing antiretroviral resistance. In addition, if administering 

CCR5-antagonists to patients with low or undetectable levels of CXCR4-using virus 

results in the emergence of high levels of CXCR4-using virus, this could potentially 

result in quicker CD4 cell count decline or quicker progression to AIDS; however, this 

last point is still unproven.  

 

Although new antiretroviral treatments active against resistant strains and/or targeting 

different steps of the viral life cycle have been developed, the cost of such new 

treatments remains a concern. This becomes especially apparent with the introduction of 

CCR5-antagonists, which will likely require costly HIV co-receptor phenotyping assays 

before they can be used. Using the HIV envelope sequence to predict co-receptor usage 

would be a relatively faster and cheaper method than using recombinant co-receptor 

phenotyping assays which are currently used for screening. However, these predictive 

methods are currently inadequate for screening purposes due to low sensitivities, 

although even the recombinant assays display discordances when compared to against 

each other in patient-derived samples (as seen in chapter four). Gaining a better 

understanding of the output of these assays and correlating them with clinical progression 
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and known genotype-based predictors of co-receptor usage will provide some indication 

on how both genotype-based, and phenotypic assays for determining HIV co-receptor 

usage can be improved. Using a surrogate marker of the clinical status of a patient (such 

as CD4 count or CD4% as seen in chapter six) can also significantly increase the 

sensitivity of genotype-based predictors. However, it is still unclear if the predictive 

power of using the V3-loop alone is sufficient or must be increased by using other 

clinically relevant determinants as well as genotypic determinants within gp120 and gp41 

in combination with the V3 loop. Future studies should focus on determining if HIV 

envelope based methods of predicting HIV co-receptor phenotype can also be applied to 

predicting the outcome of CCR5-antagonist based therapies, a result which is more 

valuable than predicting the co-receptor phenotype alone. 
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