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ABSTRACT OF THE DISSERTATION 

 

 

Quantitative and high-throughput receptor affinity profiling system reveals distinct 

pathophysiological HIV-1 phenotypes 

 

by 

Kelechi Clarence Chikere 

Doctor of Philosophy in Microbiology, Immunology, and Molecular Genetics 

University of California, Los Angeles, 2013 

Professor Benhur Lee, Chair 

 

HIV-1 affinity for CD4 and CCR5 is associated with differential pathogenicity. 

Therefore, we pioneered a dually inducible cell line based system that could 

quantitatively and comprehensively characterize viral entry efficiency as a co-dependent 

function of CD4 and CCR5 expression levels. This receptor affinity profiling system  

(Affinofile) has revealed biologically relevant phenotypes in Envelopes (Envs) with 

differential CD4/CCR5 usage efficiencies, providing a more refined understanding of 

receptor and coreceptor affinities, which can have an impact on the development and use 

of HIV-1 therapeutics. 
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To facilitate a more rapid and refined analysis of CD4 and CCR5 usage efficiencies with 

even greater sensitivity, we engineered a reporter Affinofile system containing a tat-rev 

dependent eGFP-Gaussia luciferase Reporter (GGR). Using this GGR Affinofile system, 

we (1) characterized the phenotypic and biological consequences for Envs with defined 

mutations that modulate CD4 or CCR5 binding, (2) determined Transmitter/Founder 

(T/F) Envs have differential CD4/CCR5 usage compared to Chronic Env,  (3) revealed 

phenotypically distinct CD4/CCR5 usage patterns among the prevalent HIV-1 subtypes 

(A,B, C and D),  and (4) uncovered that mutations that confer resistance to Broadly 

Neutralizing Antibodies (BNAbs) often compromised the efficiency of CD4/CCR5 usage 

and entry.  

Analysis of mutations known to only modulate CCR5 (K421D, S142N) binding 

demonstrated that CD4 and CCR5 usage is an inter-related process as mutations that 

affect CD4 binding influenced the efficiency of CCR5 usage and vice versa. The relative 

entry efficiencies defined in GGR Affinofile system were also reflected in their entry 

efficiencies into primary CD4+ T cell subsets. In addition, we show that 

transmitter/founder and chronic envelopes have distinct entry efficiencies that yield 

characteristic vector metrics.  Next, we analyzed over 28 pseudotyped HIV-1 viruses 

from four different subtypes, and noted that subtype C envelopes could be distinguished 

from the other subtypes based on their greater efficiency of CD4/CCR5 usage which was 

reflected in their vector metrics (increased vector angle and mean infectivity). Lastly, 

envelopes with engineered mutations known to confer resistance to BNAbs, VRC01 and 

PG6/PG19, invariably resulted in a decreased CD4/CCR5 usage efficiency. 
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Our results suggest that our GGR Affinofile system can quantify and reveal 

biologically relevant differences in CD4/CCR5 usage patterns in Envs that reflect their 

genetic-epidemiological differences, pathogenicity, cell tropism, and even fitness cost as 

a result of resistant-mutations to BNAbs. 
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Background and Significance 

 

In the early 1980s, the first cases of a new disease appeared, characterized by a 

loss of CD4+ cells, development of cancer and opportunistic infections. The new disease 

was subsequently named Acquired Immune Deficiency Syndrome (AIDS). With a 

growing number of patients contracting AIDS, society and the medical profession placed 

great importance on determining the origins of the disease. The causative agent of AIDS 

was later determined to be Human Immunodeficiency Virus 1 (HIV-1).  

 

Since HIV was discovered to be the causative agent of AIDS, an estimated 40 

million or more people have become infected with the virus and more than 20 million 

have died of AIDS. Approximately 5 million new infections are estimated to occur 

annually. The overwhelming majority of these individuals live in third world countries 

with little or no access to antiretroviral therapies. As a consequence, HIV-1 is predicted 

to become the leading burden of disease in middle- and low-income countries by 2015 

(1). Understanding the fundamental concepts of HIV-1 pathogenesis therefore remains an 

urgent priority. 

 

The process of HIV-1 entry into cells of the immune system begins with the viral 

gp120 Envelope glycoproteins (Env) binding to cellular CD4 and then subsequently to a 

coreceptor, which is either of the chemokine receptors CCR5 or CXCR4 (2). Although 

HIV-1 has been shown to use other receptors in vitro, such as CCR3, their importance in 
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vivo is still debatable (166). This initial binding of gp120 to CD4 promotes the exposure 

of the coreceptor binding site, which facilitates CCR5 or CXCR4 binding. Upon 

coreceptor binding, the Env undergoes further conformational changes that reorient the 

gp41 glycoproteins to promote fusion between the viral and cellular membranes, 

facilitating the deposition of the viral contents into the cytoplasm of the cell, initiating 

infection of the cell. HIV primarily infects CD4 T cells, which leads to the overall 

depletion of T cells in the gut and its periphery (3-5). This T-cell depletion is thought to 

account for the characteristic pathogenesis of the disease, the increase incidents of 

opportunistic infections (3-5).  

 

Several hosts and viral factors contribute to the clinical outcomes of HIV-1–

infected individuals. Among the viral factors, it is unlikely that coreceptor tropism per se 

accounts for viral pathogenicity. For subjects who predominantly harbor CCR5-using 

(R5) viruses throughout their disease, a wealth of evidence demonstrates the relative 

efficiency with which HIV-1 uses CD4 and CCR5 and correlates with the pathogenic 

potential of the virus (6). Until recently, however, our ability to quantify the efficiency of 

CD4 and CCR5 usage has been limited by indirect and non-standardized measures for 

how efficiently a virus can interact with CD4 and/or CCR5. The development of new 

tools, such as the Affinofile and GGR systems, provides the ability to examine CD4- and 

CCR5-mediated viral entry efficiency in detail, potentially increasing our understanding 

of how entry efficiency influences HIV-1 pathogenesis and therapeutics management. 
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Structures and Steps Involved in HIV-1 Entry 

 

HIV-1 Envelope (Env)  

 

HIV Env proteins are derived from a 160 kDA protein (gp160), which is cleaved 

by the host protease, furin, into gp120 and gp41 subunits. gp120 is the external surface 

protein that is responsible for binding to CD4 and CCR5. gp41 is the viral 

transmembrane protein responsible for membrane fusion. After cleavage, gp120 and gp41 

are non-covalently associated as a hetero-trimer on the viral surface. The cleavage of 

gp160 into its respective subunits is a required step for infectious viral particle formation. 

On the viral surface, studies have estimated there to be between 10 and 15 trimeric 

spikes(7). gp120 can be divided into five variable loops (V1–V5), found on the external 

surface of gp120, and five conserved regions (C1–C5), found on the internal region of 

gp120.  

 

The sequential receptor binding scheme implemented by HIV has several added 

advantages when compared to other methods of viral entry. First, the sequential receptor 

binding scheme shields critical residues and motifs from neutralizing antibodies 

developed by the immune system. This is evident in the discovery of very few 

neutralizing antibodies that could bind to CD4- and CCR5-induced epitopes (2). Second, 

the sequential receptor binding scheme likely prevents the inadvertent triggering of the 

fusion process, thus reducing the fraction of noninfectious virions due to nonreversible 
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triggering.  

 

Receptor and Coreceptors used By HIV-1  
 
 

CD4 is a protein found on hematopoietic cells, including T cells, dendritic cells, 

and macrophages. CD4 is an immunoglobulin family member made up of four 

immunoglobulin-like domains, a transmembrane domain, and a short cytoplasmic 

domain. Closest to the extracellular matrix is the D1, while D4 is closest to the cellular 

membrane. CD4 is an important receptor in assisting the T-cell receptor (TCR) complex 

with the antigen-presenting cell. 

 

CCR5 is a beta chemokine protein found on T cells, macrophages, dendritic cells, 

and microglia cells (8). CCR5 is a seven-transmembrane protein with an extracellular N 

terminus, three extracellular loops (ECL 2, 4, and 6), three intracellular cytoplasmic loops 

(ICL 1, 3, and 4), and a cytoplasmic tail. CCR5 is known to interact with beta 

chemokines, CCL3, CCL4, and CCL4 ligands. CCR5 plays a role in directing the 

migration of the immune cells in the presence of chemokines. 

 

CXCR4 is an alpha chemokine protein found globally on a wide range of cells, 

including T cells, macrophages dendritic cells. CXCR4, similar to CCR5, is a seven-

membrane spanning protein. CXCR4’s natural ligand is SDF-1, which is important in 

mediating inflammation response. In addition, CXCR4 is important in hematopoietic 
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stem cell migration into the bone marrow.  

 



7 
 

HIV-1 Entry (Attachment, Fusion, and Entry) 

 

The multifaceted entry process of HIV into susceptible cells likely begins with the 

loose interaction of HIV Env with an attachment factor. A myriad of attachment factors 

exist, such as DC-SIGN and, more recently, α4β7
 (9-13), which have been shown to 

increase infection efficiency through the promotion of virus-cell interaction. Although 

proven widely using in vitro assays, the importance of attachment proteins during in vivo 

HIV infections remains inconclusive. 

 

The CD4 binding site of HIV Env binds to the D1 and D2 immunoglobulin-like 

domains of CD4. The CD4 binding region of Env is a noncontiguous motif consisting of 

the hydrophobic regions C2 and C4 and the hydrophilic C3 and C4 regions of HIV Env 

found on the apex of the Env. The binding of Env to CD4 initiates the rearrangement of 

the V1/V2 region of Env, exposing and creating the two primary sites for coreceptor 

binding: the V3 region and bridging sheet. It is also believed that gp120 binding causes 

conformational changes in CD4 that bring the HIV protein and membrane in closer 

proximity to the coreceptor, through the joint-like binding of CD4 between the D2 and 

D3 domains (7).  

 

The interaction between Env and coreceptor begins with contact between the V3 

tip and the second extracellular loop of the coreceptor. Evidence for this critical 

interaction is based on the observation that a single mutation in the V3 region can 
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abrogate or switch coreceptor preference for the virus (14, 15). The second most 

important interaction occurs between the base of the V3 loop and/or the bridging sheet 

and the N terminus of the CCR5(16). Modulation of the N terminus of CCR5 is known to 

abrogate entry into cells(17). A depiction of the HIV-1 entry process is shown in Figure 

1.1.  

 

Coreceptor binding is thought to displace gp120, exposing gp41. Once exposed, 

the N terminus of gp41 harpoons into the cellular membrane. Heptad repeats 1 (HR1) and 

heptad repeats 2 (HR2) of the destabilized gp41 are thought to collapse on themselves 

into a hairpin-like structure, forcing the viral and cellular membranes into a six-helix 

bundle. The six-helix bundle further forces membrane-mixing and fusion pore 

formation(18). 

 

Post HIV-1 Entry 

 

Once inside the cytoplasm, the HIV-1 core uncoats, permitting the formation of 

the reverse transcriptase complex. Reverse transcription is initiated, and the production of 

double-stranded DNA from the single-stranded RNA occurs. The double-stranded cDNA, 

integrase, Vpr, reverse transcriptase, and matrix proteins combined, form a pre-

integration complex (PIC) that is transported into the nucleus, where the viral cDNA is 

integrated into the host chromosome. Production of the viral mRNA and genomic RNA is 

dependent on the expression of the HIV regulatory proteins, Tat and Rev. If Tat and Rev 
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concentrations are sufficient, production of viral proteins from full-length and spliced 

mRNA occurs. HIV-1 structural proteins are produced, processed, and shuttled to the cell 

membrane. The viral genomic RNA is shuttled to the cellular membrane, where it is 

incorporated into forming virion. The virion buds from the cellular membrane, 

incorporating the viral envelope and other proteins found on the cell surface. The 

maturation processes is completed with the final cleavage of the virion.  
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Stages of HIV-1 Infection and Cellular Tropism  

 

HIV infection can be broadly divided into three main categories or stages: acute/ 

early, chronic/asymptomatic, and symptomatic/AIDS infection. Acute infection occurs 

from the initial transmission of the virus through the first 12 weeks of infection. During 

this period, most HIV-infected individuals suffer a 1–2 week period of flu-like 

symptoms. After the acute infection stage, the chronic/asymptomatic stage begins, a 

period that can last from months to years. During this time, the immune system is 

mounting a response to the virus; however, it is only able to control the amount of virus 

produced. The symptomatic/AIDS stage occurs due to loss of CD4 T cells and 

dysregulation of the immune system. As a result, ordinary microbial pathogens may 

become lethal.  

 

Acute/Early Infection 

 

In the case of sexual transmission, the first cells associated with the virus are 

resident T cells, Langerhans cells, and dendritic cells due to their location in the genital 

tract (3, 19, 20). SIV studies have shown that inoculation of SIV in non-human primates 

leads to the formation of a small founder population of infected T cells in the vaginal 

canal. This small and likely required population of cells locally expands and, within 48 

hours, leads to the dissemination of the virus into the local draining lymph nodes, 

following soon after to other mucosal and lymph node locations (3). Alternatively, in the 
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case of intravenous transmission of virus, it is likely that T cells found in the blood and 

lymph nodes are the initial cells infected (21). 

 

During acute infection, memory CD4 T cells are severely depleted(22). The 

decrease in CD4 T cells is most prominent in the gut mucosa, where more than 60% of T 

cells are lost. In addition to infecting CD4 T cells, HIV is known to infect cells of the 

myeloid-monocyte lineage (MC) and dendritic cells (DC), albeit at a lower rate. Unlike 

CD4 T cells, MCs and DCs continuously produce low levels of virus, which is thought to 

allow the cells to escape HIV-induced apoptosis and immune surveillance (4, 23, 24). 

The infection of these cells likely leads to a long-lasting population of cells that produce 

low levels of virus. The presence of the virus does elicit a strong CD8 T cell response, 

marked by expansion of the number of CD8 T cells. While the immune system is unable 

to clear the virus, it is able to control infection for a period of time.  

 

Chronic/Asymptomatic Infection 

 

During the chronic stage of HIV infection, CD8 T cells and neutralizing anti-HIV 

antibodies are able to control HIV replication; however, they are unable to clear it. 

During this period, the virus continually depletes the number of CD4 T cells and spreads 

to other anatomical locations, such as the distant lymph nodes and the brain(25). This 

stage is marked by the rapid diversification of HIV-1 sequence, which imparts broader 

cellular tropism (26, 27).  
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Symptomatic/Acquired Immune Deficiency Stage 

 

At this point, due to the loss of CD4 T- cells, opportunistic infections occur. It can 

take up to several years to reach this stage, but once this stage is reached, treatment 

options are limited, although still effective.  
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HIV-1 Heterogeneity and the Influence on Cell Host Range  

 

From the moment of productive infection, HIV-1 diversifies its sequence through 

changes in the nucleotide sequence during the reverse transcriptase process. Between 

individuals, the virus sequence can differ between 6–10% across the genome. The Env 

region of HIV has been shown to have the greatest number of non-synonymous sequence 

changes. These changes lead to the diversification of biological properties of the virus 

over time in an infected individual or in a continental region.  

 

HIV-1 Heterogeneity in Infected Individuals 

 

 A growing number of studies have demonstrated that sexual transmission of HIV 

is the result of one transmitting virus, which is usually a CCR5-using virus. This gives 

rise to the phenomenon of HIV sequence diversity being relatively homogenous early in 

the infection, as infection progresses, heterogeneity of the viral sequences increases. As 

the sequence diversifies, resistance to neutralizing antibodies also increases, as do entry 

inhibitors and the cell host range(25, 28-30).  

 

 During late stage infection, selected subtypes (mainly B and D) have been shown 

to undergo coreceptor switch from being primarily CCR5-using to CXCR4-using. This 

switch in coreceptor usage usually coincides with advancement into AIDS(31, 32).  

 



14 
 

HIV-1 Subtypes Heterogeneity 

 

 HIV-1 is divided into nine different subtypes having from 20–30% amino acid 

inter-subtype diversity when the Env sequence is compared (33, 34). The distribution of 

HIV-1 subtypes is shown in Figure 1.2. Epidemiological data reveal that subtype C 

accounts for over 50% of all HIV infections worldwide (33-35). Additionally, in isolated 

populations, data reveal that certain subtypes have better transmission rates, while others 

have increased rates of disease progression (36, 37). These data suggest that there are 

inherent differences in the pathogenesis of various subtypes of HIV.  

 

A number of limited reports suggest that subtypes C and A have a lower 

replicative capacity in PBMCs when compared to subtypes B and D in in vitro 

competition assays (38-40). In these reports, subtype specific envelopes and full length 

clones were compared for their ability to replicate However, this stands in direct 

contradiction to the epidemiological data that show high prevalence of subtype C. 

Moreover, reports suggest that these differences in “transmission and replicative fitness” 

are the result of differences in HIV entry (39-41). Consequently, it becomes important to 

determine whether or not any subtype-specific receptor- and coreceptor-usage patterns 

exist.  
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Methods for Studying HIV-1 Env Heterogeneity Influence on Entry 

 

In early studies of HIV-1 entry, the ability of laboratory-adapted and primary viral 

isolates to grow on primary cell cultures and CD4+ cell lines (42-44) was used to 

categorize various isolates. These early studies led to the classification of HIV-1 

laboratory and primary isolates according to their ability to grow on primary 

macrophages (M-tropic), T-cell lines (T-tropic), or both primary cell types (dual-tropic). 

Soon after CD4 was discovered as a critical receptor for HIV-1 entry, subsequent studies 

investigated the potential for soluble CD4 to inhibit HIV-1 infection (45-47). Although 

soluble CD4 was found to be a relatively weak inhibitor of primary HIV-1 isolates and, in 

some studies, an enhancer of infection, these initial studies unwittingly provided the first 

evidence for additional cofactors required for HIV-1 entry and showed that differences 

exist between primary isolates and laboratory-adapted isolates in their ability to utilize 

CD4. It was subsequently discovered that CD4 alone was not sufficient for HIV-1 entry 

into cells (48-50).  

 

The discovery of the CCR5 and CXCR4 coreceptors offered an explanation for 

the observation that beta chemokines and SDF-1 could inhibit HIV-1 infection (51-53) 

Similarly, relatively early on, different soluble factors were observed to inhibit HIV-1 

isolates to different degrees (26, 54). The discovery of the HIV-1 coreceptors ushered in 

the re-designation of HIV-1 isolates from M-,T-, or dual-tropic to CCR5, CXCR4, or 

R5X4 viruses based on their ability to enter cells expressing either or both coreceptors 
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(55). Initial studies that examined the efficiency of HIV-1 entry principally employed 

soluble factors, proteins, and antibodies as surrogate means to measure HIV-1 Env entry 

efficiency as a function of the ability of the viral Env to infect cells in the presence of 

each factor.  

 

The study of CD4 and CCR5 mediated HIV-1 entry in a more physiologically 

relevant context was facilitated by the engineering of a series of cell lines by the Kabat 

laboratory (83-85). These clonal cells expressed fixed levels of CD4 and CCR5. The cell 

lines provided a much needed tool to determine whether a viral isolate required high 

levels of CD4 or CCR5 or could scavenge relatively low levels of CD4 or CCR5. These 

proved to be a significant improvement over studies that used transient transfection to 

generate differing CD4 and CCR5 levels. Although these clonal cells have been used for 

multiple studies, comparing viral isolates for differences in their relative ability to use 

CD4 and CCR5, most of the studies report relatively binary information regarding 

whether a particular isolate can use high or low levels of CD4 and/or CCR5. More 

importantly, the efficiency of HIV-1 entry into cells within the human host likely results 

from a complex interplay between the engagement of HIV-1 Env glycoproteins with the 

CD4 and CCR5 receptors found at varying levels on the surface of susceptible cells. The 

efficiency at which CCR5 is used for entry may depend on the level of CD4 present, and 

vice-versa, and this interdependence may vary between different viral isolates from 

different cohorts. 
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Figure 1-1: Illustration of HIV-1 entry (adapted from Tilton et al (56)) HIV entry is 

initiated with gp120 binding to CD4. Through conformational changes in gp120 and in 

CD4, gp120 is able to interact with a coreceptor, either CCR5 or CXCR4. Coreceptor 

binding induces further modifications in gp120, that exposes gp41, promoting viral /cell 

membrane fusion. 
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Figure 1-2: Distribution of various HIV-1 subtypes throughout the world (adapted 
from IAVI Report 2003). 
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GGR Affinofile Assay:   

GGR Affinofile cells were seeded in a 96 well plate at 2 X 104 cells/well. 

Simultaneously, cell surface expression of CD4 and CCR5 was induced with 0 to 4.0 

ng/mL of Doxycycline and/or 0 to 2 µM of Ponasterone A, respectively. 18hrs later the 

induction media was removed. Each well of cells was then inoculated with HIV-1 at an 

MOI of 0.25.  The cells were then spinoculated (770 x g) for 2 hours at 37° C. Cells were 

then replaced with fresh D10 media (DMEM with 10% FBS and 1% Pen/Strep). At the 

indicated timepoints (hours post-infection) used in the various assays, 10ul of supernatant 

was combined with 10ul of substrate detection buffer (SDB: 50mM  Tris-HCL (ph 7.5), 

20% glycerol, 0.1 % TritonX-100, 10mM DTT). The supernatant and SDB mix was 

assayed for Gaussia luciferase (gLuc) activity using Coelenterazine substrate in 96-well 

black plates according to manufacturer’s instructions (NEB, Ipswich, MA).  gLuc-

catalyzed bioluminescence was detected on the TECAN Infinite M1000 microplate 

reader via luminescence scanning with an integration time of 8 seconds.    

 

Data Analysis:  

The Affinofile infectivity metrics were derived from raw or normalized data using 

the VERSA (Viral Entry Receptor Sensitivity Analysis) computational platform as 

previously described (57).  The considerations for the use of raw versus normalized data, 

and the limitations of each have been extensively reviewed (58).  

 

Virus Production:  
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Envelopes and backbone were obtained through the NIH AIDS and Research and 

Reference Reagent Program. Pseudovirons were generated by cotransfection of 293T 

cells with Env-deleted SG3∆env vector and Env expressing vector at a 3:1 µg ratio with 

Bioline Bio T transfection reagent. 72 hours post transfection, viral supernatant was 

collected, clarified by low speed centrifugation and stored at -80°C. The number of 

infectious virus particles was determined by titration on Ghost HI-R5 cells, as described 

previously (59).  

 

CD4 and CCR5 cell surface expression:  

CD4 and CCR5 surface expression levels were determined by quantitative flow 

cytometry (qFACS) as described previously (60, 61).  

 

GGR Vector Cloning:  

pNL-GFP-RRE was obtained through the NIH AIDS Research and Reference 

Reagent Program (62, 63). pNL-GFP-RRE was digested with SacI and SalI. The Gaussia 

luciferase gene was PCR amplified from pCMV-Gluc (Promega). The PCR product was 

digested with SacI and SalI and subsequently ligated into the precut pNL-GFP-RRE 

vector.  

 

GGR Virus Production:  

 GGR-expressing lentiviral transducing viruses were produced by cotransfection 

of 293T cells with pNL-GGR vector, pCMV∆R8.2, and pVSV-G at a ratio of 10:10:1, 
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respectively, using the calcium phosphate method. Two days post transfection the viral 

supernatant was collected, clarified by low speed centrifugation, and filtered through a 

.45µM filter.  Viral supernatant was then concentrated by ultracentrifugation at 32,000 x 

g for 90 minutes and stored at -80C.  

 

GGR Single Cell Cloning:   

Affinofile cells were seeded into a 48 well plate at 5 X 104 per well. 24 hours later 

cells were infected with 1 µg of VSV-G pseudotyped GGR virus. Infected cells were then 

spinoculated for 2 hours at 37 degrees and 770 x g. Cells were washed once with PBS 

and replenished with fresh D10/B media. Cells were allowed to grow in a 10cm culture 

dish for three weeks, by splitting and replenishing media every 2-3 days.  Single cell 

clones were then obtained by limiting dilution into 96-well plates. Single cell clones were 

passaged for three weeks, and clones with stable integration of the pNL-GGR vector were 

screened for optimal signal to noise ratio of Gaussia luciferase activity in the supernatant 

upon infection with JR-CSF virus, and that still maintained a robust CD4 and CCR5 

inducible response to doxycycline and ponasterone A.  

 

T Cell Infection:  

Leukopacks from healthy uninfected donors were obtained from the virology core 

at the UCLA CFAR.  For purification of CD4+ T-cells, buffy coats containing peripheral 

blood mononuclear cells (PBMC) were first Ficoll-purified, and CD8+ T cells were 

depleted using Invitrogen CD8 Dynabeads. CD8 depleted PBMCs were incubated in 
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RPMI supplemented with IL-2 , 20% FCS  and  stimulated with CD3/CD28 coupled 

Dynabeads for three days. Three days post-stimulation, cells were washed twice and 

infected with indicated virus. Infection was synchronized by spinoculation for 2 hours at 

2,000 rpm at 4 °C. After spinoculation, infectious media was replaced with fresh media. 

Three days post infection cells were collected and stained for T-cell subset markers CD4 

(RPT-4),CD3 (OKT3) , CCR7 (3D12) CD45RA (Hl100) (Ebiosciences),  and 

intracellular p24 (KC57, BD Pharmingen). 
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Chapter 3 

 

 

 

 

 

 

Affinofile profiling: How efficiency of CD4/CCR5 usage impacts the biological and 

pathogenic phenotype of HIV 
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Abstract 

HIV-1 envelope (Env) uses CD4 and a coreceptor (CCR5 and/or CXCR4) for 

viral entry. The efficiency of receptor/coreceptor mediated entry has important 

implications for HIV pathogenesis and transmission. The advent of CCR5 inhibitors in 

clinical use also underscores the need for quantitative and predictive tools that can guide 

therapeutic management. Historically, measuring the efficiency of CD4/CCR5 mediated 

HIV entry has relied on surrogate and relatively slow throughput assays that cannot 

adequately capture the full spectrum of Env phenotypes. In this review, we discuss the 

details of the Affinofile receptor affinity profiling system that has provided a quantitative 

and higher throughput method to characterize viral entry efficiency as a function of CD4 

and CCR5 expression levels. We will then review how the Affinofile system has been 

used to reveal the distinct pathophysiological properties associated with Env entry 

phenotypes and discuss potential shortcomings of the current system. 
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Introduction 

 

Since human immunodeficiency virus type 1 (HIV-1) was discovered as the 

causative agent of acquired immune deficiency syndrome (AIDS), it has been estimated 

that >40 million people have become infected with the virus and >20 million have died of 

AIDS. Approximately 5 million new infections occur annually (64). The overwhelming 

majority of these individuals live in third world countries with little or no access to 

antiretroviral therapies. Moreover, HIV-1 is predicted to become the leading burden of 

disease in middle and low income countries by 2015 (65). Understanding the 

fundamental concepts of HIV-1 pathogenesis therefore remains an urgent priority.  

 

The process of HIV-1 entry into cells of the immune system begins with the viral 

gp120 envelope glycoprotein (Env) binding to cellular CD4 and then subsequently to a 

coreceptor, which is either of the chemokine receptors CCR5 or CXCR4 (2). This initial 

binding of gp120 to CD4 promotes the exposure of the coreceptor binding site to 

facilitate CCR5 or CXCR4 binding. Upon coreceptor binding, the Env undergoes further 

conformational changes that reorient the gp41 glycoproteins to promote fusion between 

the viral and cellular membranes, facilitating the deposition of the viral contents into the 

cell cytoplasm. The principle steps of HIV-1 entry have been detailed in recent excellent 

review articles (18, 66, 67).   

 

There are a multitude of host and viral factors that contribute to the varied clinical 
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outcomes of HIV-1-infected subjects. Amongst the viral factors, it is unlikely that 

coreceptor tropism per se accounts for viral pathogenicity. For subjects who harbor only 

CCR5-using (R5) viruses throughout their disease, a large body of evidence indicates the 

relative efficiency by which HIV-1 uses CD4 and CCR5 correlates with the pathogenic 

potential of the virus (6, 28). For patients with R5 viruses, HIV disease progression has 

been associated with enhanced macrophage (M)-tropism (68-70), the increased ability to 

use low levels of CCR5 (6, 70-72), and the increasing relative entry efficiency of the 

infecting virus (73, 74).  Neurovirulence is also correlated with an isolate’s ability to use 

low levels of CD4 and/or CCR5 present on microglial cells (72, 75). Furthermore, R5-

viruses derived from late versus early disease not only show increased CCR5 usage but 

also greater sensitivity to inhibition by various ligands or antagonists of CCR5 (6, 15, 76-

78). It is possible, then, that a viral isolate capable of using minute amounts of CCR5 to 

infect may allow for expanded tropism of target cells, and therefore, increased 

pathogenicity (79-81). Finally, in the SIVmac model, R5 SIV strains can clearly become 

virulent without coreceptor switching (82, 83). Thus it seems likely that the relative 

efficiency of CD4 and CCR5 usage during disease rather than a simple switch from R5 to 

X4 coreceptor tropism is a better predictor of viral pathogenicity.  

 

Until recently our ability to quantify the efficiency of CD4 and CCR5 usage has 

been limited by indirect and non-standardized measures such as competition with soluble 

CD4, specific antibodies, or chemokine receptor ligands. The development of new tools, 

such as the Affinofile system, provides an unprecedented ability to examine the 
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mechanics and efficiency of CD4/CCR5 mediated viral entry in greater detail, using a 

more quantitative methodology, and with a higher throughput format, than was 

previously possible. The Affinofile system, published in late 2009, has been used in a 

number of studies that have increased our understanding of how entry efficiency 

influences HIV-1 pathogenesis and impacts on the clinical management of disease using 

an evolving class of entry inhibitors.   

 

The Study of HIV-1 Entry 

Initial studies of HIV-1 entry examined the ability of laboratory adapted and 

primary viral isolates to grow on primary cell cultures and CD4+ T cell lines(42-44). 

These early studies led to the classification of HIV-1 laboratory and primary isolates 

according to their ability to grow on primary macrophages (M-tropic), T cell lines (T-

tropic) or both (Dual-tropic). Although CD4 was discovered as a critical receptor for 

HIV-1 entry soon after the discovery of HIV-1 as the causative agent of AIDS, it was 

soon realized that CD4 alone was not sufficient to support HIV-1 entry into non-

permissive cells (48-50). A coreceptor was required. When CCR5 and CXCR4 were 

identified as bona fide coreceptors for HIV entry, they were initially thought to be the 

cognate coreceptors for all M- and T cell-tropic viruses, respectively, with the implication 

that dual-tropic isolates used both CCR5 and CXCR4.  A new nomenclature re-

designated M-, T-, or Dual-tropic HIV-1 strains as R5, X4 or R5X4 viruses based on their 

ability to enter cells expressing either or both coreceptors (55). Initial studies that 

examined the efficiency of HIV-1 entry principally employed soluble factors, proteins 
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and antibodies as surrogate means to measure HIV-1 Env entry efficiency as a function of 

the ability of the viral Env to infect cells in the presence of each factor.  

 

The study of HIV-1 entry efficiency in a more direct manner was facilitated by 

the engineering of a series of HeLa cell –based lines by the Kabat laboratory(84-86). A 

binary library of clonal cells was generated that expressed fixed amounts of CD4 and 

CCR5:  all clones had either high (HI-J, 1x105) or low (HI-R, 1x104) amounts of CD4, 

but individual subclones within each CD4 library covered a spectrum of CCR5 

expression levels. These cell lines provided a much needed tool to determine whether a 

viral isolate required high levels of CD4 or CCR5, or could scavenge relatively low 

levels of CD4 or CCR5 for entry, and were a significant improvement upon studies that 

used transient transfection to generate differing CD4 and CCR5 levels(6, 75). Although 

these clonal cells have been used for multiple studies comparing viral isolates for 

differences in their relative ability to use CD4 and CCR5, most of the studies report 

relatively binary information regarding whether a particular isolate can use high or low 

levels of CD4 and/or CCR5. More importantly, the efficiency of HIV-1 entry into cells 

within the human host likely results from a complex interplay between the engagement of 

HIV-1 Env glycoproteins with the CD4 and CCR5 receptors, found at varying levels on 

the surface of susceptible cells. The efficiency at which CCR5 is used for entry may 

depend on the level of CD4 present and vice-versa, and this interdependency may vary 

between different viral isolates from various cohorts. 
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Affinofile System 

 

Our understanding of HIV-1 entry has undergone significant refinement in the 

past two decades. A growing body of evidence suggests that there are nuances of HIV-1 

entry phenotypes that have gone unappreciated, largely due to the inherent limitations of 

tools available to quantify such differences. To better understand how CD4 and CCR5 

expression levels influence HIV-1 infectivity, we created the Affinofile system (60).  

This system consists of a CD4 and CCR5 dual-inducible cell line, and a mathematical 

approach to quantify the receptor usage pattern and entry efficiency of Env, as a function 

of CD4 and CCR5 expression. Together this system has provided a quantitative tool to 

examine and compare HIV-1 entry efficiency in greater detail compared to previous 

methods. In this review, we will discuss the details of the Affinofile system, and better 

specify the biological meaning of the metrics used to quantify the entry phenotype of 

Env.  We will then review how different groups have used the Affinofile system to reveal 

the distinct pathophysiological properties associated with particular Env entry 

phenotypes, discuss potential shortcomings of the current system, and offer our opinion 

as to which future studies could benefit from the Affinofile system. 

 

293 Affinofile Cell Line 

At the crux of the 293 Affinofile system is a quadruple stable cell line that can be 

effectively induced to express combinatorial amounts of CD4 and CCR5 receptor levels. 

We generated this cell line sequentially using the selective reagents and strategy indicated 
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in Fig. 3-1 (see legend). The cell line was single-cell cloned at four different stages to 

select for a clone with low basal level of expression and inducible expression that covers 

the physiologic range of CD4 and CCR5 levels. Through this process, we eventually 

generated a dual inducible cell line where CD4 and CCR5 expression could be regulated 

independently and simultaneously by varying the concentration of tetracycline and 

Ponasterone A, respectively. In practice, we have found that the lipophilic tetracycline 

deriviatives offer a better degree of control over tetracycline itself.  For ease of reference, 

we will simply refer to tetracycline induction unless otherwise stated.  Ponasterone A is a 

potent inducer of the synthetic ecdysone-inducible mammalian expression system that is 

used in our Affinofile cells (87). Quantitative flow cytometry (qFACS) is used to 

determine the number of CD4 and CCR5 antibody binding sites (ABS)/cell.  In the 

absence of any inducing reagent, the basal levels of CD4 expression can range from 

1,800 to 5,000 ABS/cell (60, 88-90) whereas basal CCR5 levels range between 1,000 to 

8,000 ABS/cell (60, 88-91). The published values for the maximally induced levels of 

CD4 and CCR5 from four to five independent labs are given in the inset tables in Fig. 3-

1.   

 

While there appears to be some variability in the range of CD4 and CCR5 levels 

that can be induced, we (and others) have found that the induced CD4 and CCR5 

expression levels are generally reproducible within a lab. Nevertheless, the induction 

range can drift over time even in the same lab ((88)compare to (90)). The variability can 

be due to procedural differences, cell passage number, and importantly, the nature or 
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quality of the fetal calf serum (FCS) used.  We have recommended the use of dialyzed 

FCS as the wide spread use of antibiotics (such as tetracyclines) in the agricultural 

industry might lead to trace amounts in the animal source used for FCS production. In 

addition, we cannot exclude the presence of cross-reactive small molecules in undialyzed 

fetal calf serum that might activate the synthetic VgRXR receptor used in the ecdysone-

inducible system.  Finally, we cannot exclude a systematic error inherent in the 

manufacturer’s standards provided by the different kits used for qFACs (see (92) for a 

technical discussion of parameters that might affect the accuracy of qFACs 

measurements).  Therefore, it is important that each operator conducts qFACs on the 

Affinofile cells prior to infection to insure consistent induction. However, Affinofile cells 

can be passaged for about 3 months before the CD4/CCR5 inducibility becomes 

unreliable. Regardless of the actual ABS/cell number that is obtained, the functional 

control for reproducible inducibility is whether a “standard” strain of R5 virus in each lab 

responds with the same infectivity profile as CD4 and CCR5 is induced.  As will be 

discussed below, the infectivity profile of a given virus across a range of CD4 and CCR5 

levels can be quantified by the Viral Entry Receptor Sensitivity Analysis (VERSA) 

computational platform. We will show that our analytic method somewhat mitigates the 

variability inherent in our inducible biological system.   

 

 This dual inducible cell line was dubbed the 293 Affinofile cells to reflect its 

potential ability to profile the relative CD4 and CCR5 usage efficiencies of HIV-1 Envs 

(60), which is a surrogate measure of the relative binding affinities for CD4 and CCR5.  
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Viral Entry Receptor Sensitivity Analysis (VERSA)  

 Using 293 Affinofile cells, the infectivity of a given Env, in the context of a 

pseudotyped reporter virus, can be profiled across 24 to 48 distinct combinations of CD4 

and CCR5 expression levels. These various studies are listed in Table 3-1. The infectivity 

profile of a typical R5 virus infection across 25 distinct levels of CD4/CCR5 expression 

levels is shown in Fig. 3-2A. To assist in describing and comparing the infectivity data 

associated with numerous viral Envs from various cohorts and research groups, we 

created an automated computational web-based tool: Viral Entry Receptor Sensitivity 

Analysis at versa.biomath.ucla.edu. For a given Env, the VERSA program permits the 

rapid distillation of the set of infectivity data points into three metrics that grossly 

describe the Env’s CD4 and CCR5 usage pattern and entry efficiency. Below we will first 

describe the analytical method used to determine these metrics, and then define the 

biological meaning of these metrics with respect to how they reflect the entry phenotype 

of Env. We will then review the studies summarized in Table 3-1 to illustrate how the 

Affinofile system, and the associated VERSA metrics, can help reveal the distinct 

pathophysiological Env phenotypes associated with differential CD4/CCR5 usage 

efficiencies.       

 

 

Rescaling of CD4 and CCR5 expression levels  

Since infectivities were measured across numerous (typically 25-48) 
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combinations of CD4 and CCR5 concentrations, we sought to reduce the dimensionality 

of the data into a geometrically meaningful form. First, the experimentally relevant CD4 

and CCR5 concentrations (ABS/cell) are rescaled according to 0 ≤ x, y  ≤ 1: 

 

x = ln[CD4]− ln[CD4min]
ln[CD4max]−[ln[CD4min]

     and    y = ln[CCR5]− ln[CCR5min]
ln[CCR5max]−[ln[CCR5min]

 

 (1)  

 

where “min” and “max” refer to the common minimum and maximum 

receptor/coreceptor used across all measurements in a given experiment.  The variability 

represented by the differential range of inducible CD4/CCR5 expression levels (when 

represented in units of ABS/cell) is somewhat dampened by this rescaling, where the 

minimum and maximum on both the x (CD4) and y (CCR5) axes are defined as 0 and 1, 

respectively.   The use of natural logarithms for this rescaling also effectively reduces the 

magnitude of the variable expression levels (see inset tables in Fig. 3-1).   

 

Transformation of the raw infectivity data  

The infectivity profile exhibited by a given viral Env across a spectrum of CD4 

and CCR5 expression levels, as illustrated by the 3-D column graph in Fig. 3-2A, can be 

mathematically fitted to a corresponding 3-D surface plot (Fig. 3-2B). The infectivity 

response as a function of CD4 and CCR5 expression level is described by the continuous 

polynomial function:  
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F(x,y) = a +bx +cy + dx2 + ey2 + fxy     

 (2) 

which represents the surface of the plot indicated in Fig. 3-2B. The transformation of the 

raw infection data into the surface function F(x,y) using normalized infectivity data and 

rescaled CD4 and CCR5 expression levels, allows for extraction of at least three 

parameters that quantify additional geometric features of F(x,y).  These three 

biophysically meaningful parameters capture the salient features of the surface plot in 

Fig. 3-2B, which represents the phenotypic response of Env to varying levels of CD4 and 

CCR5.  We will now describe how these three metrics are derived and computed in 

VERSA, define the biophysical correlates of these metrics, and specify how they are used 

to quantify the entry phenotype of Env. 

 

VERSA Metrics 

The mean infectivity, M, provides a rough estimate of the overall efficiency of 

entry; it is the mean of the normalized function F(x, y) across the entire range of CD4 (x) 

and CCR5 (y) surface expression levels represented by the x-y plane:  

M = F (x, y)dxd y
0

1

∫
0

1

∫     

 (3) 

M is graphically represented by the height of the square plane (red) indicated in Fig. 3-

2B.    
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Additional geometric features of the surface function ( , )F x y can be easily quantified by 

defining a sensitivity vector  

 S

= ∇



0

1

∫
0

1

∫ F (x, y)dxdy ≡ Sx x̂ + Sy ŷ  (4) 

which represents the average, across the relevant CD4 and CCR5 levels, of the local 

gradient vector on the surface ( , )F x y . The vector S


encodes the overall direction of the 

infectivity surface ( , )F x y  and its overall steepness (Fig. 3-2C).  This can be represented 

by two metrics: the vector angle, theta (θ ) and the vector amplitude, delta (Δ).  

Specifically, the overall direction of the sensitivity vector S


can be defined through the 

angle θ  makes with the x̂ − axis: 

 1tan x

y

S
S

θ − ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (5) 

The angle θ  measures the overall relative sensitivity of the infectivity response between 

changes in CD4 and CCR5 expression levels; that is, θ  is a measure of whether 

infectivity is more sensitive to changes in CD4 versus CCR5 levels. A virus that is 

predominantly sensitive to changes in CCR5 levels and not CD4 will have θ  near 90º, 

while the converse (θ  near 0º) is true for a virus that is only sensitive to changes in CD4 

levels but not CCR5.   A virus equally sensitive to changes in both CD4 and CCR5 levels 

exhibits θ  of 45º.   
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The amplitude of the sensitivity vector, S


= D, delta,  measures the overall 

“steepness” of the normalized infectivity function F(x,y), averaged across the entire 

matrix of CD4 and CCR5 expression levels; it measures the combined rate of increase of 

infectivity as a function of CD4 and coreceptor concentrations.  It is graphically 

represented by the length of the sensitivity vector S


in Fig. 3-2C. This metric was 

previously termed as the vector “magnitude” (60), which has the unfortunate coincidence 

of starting with the letter “m”, and may lead to confusion with the mean infectivity 

metric, M, which is clearly distinct.   Here, we formally designate the three metrics 

described in Fig. 3-2B-C as mean infectivity (M), vector angle (θ ), and vector amplitude 

(D). These designations will be changed accordingly in the updated version of VERSA.  

 

Inputting Normalized or Raw infection Data 

 

VERSA supports the input of normalized or raw infection data (e.g. RLU if using 

luciferase reporter viruses). The mean infectivity and vector amplitude are dimensionless 

values, while the θ  values are necessarily given in trigonometric units (degrees). Thus, 

the actual type of infection data used (RLU, or percent positive GFP cells, or percent 

positive p24 cells etc.) to obtain the VERSA metrics is immaterial as long as the same 

type of data is consistently used between experiments for comparisons. Given this 

flexibility, it is important understand the impacts or constraints that various kinds of input 

data may have on each vector metric. While the vector angle θ  is insensitive to the use of 
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raw or normalized infectivity data, this is not true for mean infectivity (M) and vector 

amplitude (D). For example, since raw RLU data can have a large dynamic range (~3-5 

logs), mean infectivity and vector amplitude differences between viral Envs can be 

magnified.  In these cases, Affinofile assays can be sensitive and relative comparisons of 

Env phenotypes in the same lab are possible and probably meaningful.   However, the 

numbers obtained have no independent meaning outside of a particular comparison 

cohort in a particular lab. This is because RLUs can be affected by arbitrary factors such 

as instrumentation sensitivity, integrated time of detection, concentration and quality of 

the substrate used, variations in room temperature, and a host of other systematic errors 

that may be particular to the experiment.   

 

On the other hand, if input data is normalized to the maximum infectivity (set at 

100%) obtained in each profiling experiment, the comparisons between divergent cohorts 

and infectivity conditions may be possible. However, normalization assumes that 

infectivity plateaus at maximally induced CD4 and CCR5 levels for a given Env, which 

is not always the case. Thus, the VERSA metrics obtained using normalized data may be 

less sensitive for detecting more subtle phenotypic differences in entry efficiencies. We 

will discuss specific instances where successful data interpretation has been obtained 

with one but not the other kind of input data.    
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Current Publications Using Affinofile System  

 

Next, we review how the Affinofile system has been used to study (1) 

compensatory phenotypes mediated by unusual mutations and truncations in HIV-1 Env, 

(2) relationship between differential entry efficiencies and HIV disease pathogenesis, (3) 

the influence of entry inhibitors on CD4 and CCR5 usage patterns, and (4) the 

relationship between tropism and CD4/CCR5 usage.   These studies are summarized in 

Table 3-1. In any given study, many lines of evidence are usually provided to support the 

authors’ main conclusions.  For the purposes of this review, we will mainly focus on the 

evidence provided by the Affinofile system. We do so in order to illustrate the phenotypic 

nuances that this system can reveal, and to highlight how the use of Affinofile cells can 

complement existing methodologies to gain a better understanding on R5 virus tropism 

and pathogenesis. It is not our intention to suggest that the evidence provided by the 

Affinofile system is of paramount importance in any given situation. We do, however, 

hope to show that the Affinofile system is a relatively convenient and high throughput 

way of evaluating HIV R5 Env in a quantitative and reproducible fashion.      

 

Compensatory phenotypes mediated by unusual mutations and truncations in HIV-1 Env  

The gp120 protein of HIV-1 Env includes five conserved (C1-C5) and variable (V1-V5) 

regions. The conserved regions, found in inner domain of gp120, play a critical role in the 

function of gp120. The variable regions, found on the outer domain, act as an evolving 

shield for the virion against the immune response. Of all the variable regions, the V3 loop 



40 
 

of HIV-1 gp120 has long been recognized as being particularly important due to its dual 

role in protecting the Env from neutralizing antibodies, as well as in determining 

coreceptor choice (93). Mutations and truncations in V3 usually result in an Env that is 

unable to promote entry, despite seemingly proper protein folding (94).  In (88), the 

authors discovered that a dual tropic virus, termed R3A, could tolerate a deletion of 15 

amino acids that removed the central portion of the V3 loop.  This virus with the 

truncated Env, termed V3(9,9), was severely compromised in its ability to infect 

SupT1CCR5 cells compared to the parental R3A Env. Subsequent passage of the V3(9,9) 

virus on SupT1CCR5 cells, which express high levels of CCR5, partially restored the 

entry efficiency of the virus. Interestingly, the adapted virus, named TA1, retained the V3 

truncation while gaining several other mutations and deletions in other areas of the Env.  

 

In a vivid and elegant demonstration, the Doms lab used the Affinofile cells to 

profile the infectivity of the parental R3A virus, the initial V3(9,9) truncation mutant with 

compromised function, and the final TA1 virus adapted to grow well on SupT1- CCR5 

cells. The infectivity plots (reproduced in Fig. 3-2D) reveal that the initial V3 truncation 

severely compromised R3A’s ability to efficiently use low levels of CCR5—V3(9,9) no 

longer enter cells at low levels CCR5 (0.016 to0.063 mM Pon A) no matter how much 

CD4 was provided. This defect was maintained in the adapted TA1 virus Env.  Instead, 

the infectivity profile on Affinofile cells revealed that the partially restored function of 

the TA1 virus Env was due to an increased ability to use low levels CD4 (0.16 to 0.31 

ng/ml minocycline), provided that a sufficient amount of CCR5 was present. The gestalt 
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of the infectivity profiles between these three mutants is captured by angle metric q.  

Thus, R3A, which responds more readily to changes in CD4 levels (at all levels of 

CCR5) has a q of 22°, while the adapted TA1, which is now more responsive to changes 

in CCR5 levels has a q of 69°. Note that an increase in the angular metric (towards 90°) 

simply means an increased infectivity response to changes in CCR5 levels (and vice 

versa for CD4).  An increase or decrease in q by itself says nothing about whether the 

change is due to more or less efficient usage of CCR5 or CD4. The angular metric needs 

to be interpreted in the context of the infectivity profile in order to make statements about 

receptor usage efficiencies.  In this case, the authors rightfully point out that the scale on 

the z axis, representing the efficiency of entry as reported by luciferase activity, clearly 

indicates that the adaptive mutations in TA1 increased its infection efficiency over 

V3(9,9) by about 10-fold, mainly by enhancing the its ability to use low levels of CD4.   

This Affinofile data is consistent with the cumulative results from the myriad other 

inhibition and time-of-addition experiments conducted in the article.  

 

Relationship between differential entry efficiencies and  HIV disease pathogenesis 

Using the Affinofile cell line and system, several publications have discovered 

differences between HIV-1 pathogenic categories that can be ascribed to disparities in 

entry efficiencies that are not always revealed by conventional entry assays.   

In (Lassen, et al. (95), the authors used the Affinofile cells to examine a total of 

70 Envs derived from chronic progressor (CP) and elite suppressor (ES) HIV+ subjects. 

The results of these studies revealed that, on average, ES Envs are less efficient at using 
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both CD4 and CCR5, when compared to CP Envs.  Thus, when CCR5 levels were fixed, 

and CD4 levels varied or vice versa, ES Env pseudotypes achieved a moderately lower 

level of infection relative to CP Envs. Notably, due to the large variations in IC50s 

between individual Env clones, even amongst clones from the same patient, there was no 

significant difference between ES and CP Envs in their sensitivity to CCR5 antagonism 

(via CCL5 (RANTES) or TAK779) or fusion (Enfuvirtide) inhibition. However, when 

the infectivity data were reexamined using VERSA (60), the mean infectivity (M) and 

vector angle (q) metrics were significantly higher for CP Envs compared to ES Envs. The 

data also indicate that the increased M values of the CP Envs were associated with their 

increased responsiveness to changes in CCR5 levels (higher q values). Together, the 

Affinofile data suggests that the increased responsiveness of the CP Envs to changes in 

CCR5 levels was likely due to their increased efficiency of CCR5 usage. Inspection of 

the infectivity plots confirmed this interpretation. As mentioned earlier, this increased 

efficiency of CCR5 usage was not evident using conventional inhibitor assays, as ES and 

CP Envs did not show differential susceptibility to CCL5 (RANTES) or TAK779.  

 

The ability of the Affinofile system to phenotypically segregate potential 

pathogenic categories is supported by the following two studies. In (96), the authors 

demonstrated that R5 HIV-1 isolated from cerebralspinal fluid (CSF) of patients with or 

without HIV-1 associated dementia (HAD) segregated into two phenotypic categories: 

the ability or lack thereof to infect Affinofile cells induced at CD4low/CCR5high levels.  
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Viral isolates that can infect CD4low/CCR5high Affinofile cells can also infect monocyte 

derived macrophages (MDM), and thus are R5 M-tropic. Alternatively, isolates that can 

only infect CD4high/CCR5high but not CD4low/CCR5high Affinofile cells, can also only 

infect activated CD4+ T-cells, but not MDM, and thus are R5 T-tropic. The authors 

observed that CSF-derived viruses isolated from patients with HAD could be either R5 T 

cell-tropic and/or R5 M-tropic whereas viruses isolated from patients without HAD are 

invariably R5 T cell-tropic. Although the study is small and involved only eight HAD 

patients, at least for the cohort examined, it appears that the ability of infect 

CD4low/CCR5high Affinofile cells at >10% levels relative to CD4high/CCR5high Affinofile 

cells can be as sensitive a marker for detecting R5 M-tropic viruses as using MDM 

infection itself.  Interestingly, in longitudinal samples from one patient, the authors were 

able to show that CSF-derived R5 M-tropic Envs that could infect CD4low/CCR5high 

Affinofile cells could be detected many months prior to subsequent HAD diagnosis.  

More recently, Salimi, et al.(97) examined brain (BR) and lymph nodes (LN) Envs 

derived from patients that succumbed to HAD. Using the Affinofile system the authors 

reveal that R5 macrophage (M)-tropic BR Envs can use limiting levels of CD4 whereas 

R5 non-M-tropic LN Envs cannot. Furthermore, a combination of all three VERSA 

metrics clearly revealed inter-subject phenotypic segregation of BR- from LN-derived 

Envs, which occurred independent of genetic signature alterations. Inter-subject genetic 

signature alterations associated with HIV-1 compartmentalization have not been 

identified in previous studies, principally because the functional affects of amino acid 

alterations in gp120 are usually strain-specific. However, the mathematical formulations 
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and the normalization techniques that were used to derive the VERSA metrics serve to 

quantify some intrinsic functional properties of Env, which are more likely to be 

conserved among Envs derived from different tissue sources. These metrics can therefore 

be used to identify conserved phenotypic Env signatures based solely on the Env CD4 

and CCR5 usage profiles. 

 

However, the efficiency of CD4 and CCR5 usage, or the ability to use low levels 

(co)-receptors, does not always correlate with the in vivo pathogenic potential of a viral 

isolate. In a recent study by (98), the authors isolated and examined an unusual R5 

subtype B transmitter/founder (T/F) viral Env with a rare motif in the V3 crown. In vivo, 

this virus replicated very efficiently as shown by a high viral load during the time of 

acute primary infection (>107 RNA copies/ml during Feinberg stage III). However, 

examination of the Env entry phenotype using the Affinofile system showed that this 

particular Env used CCR5 very inefficiently, requiring high levels of both CD4 and 

CCR5 for efficient entry (θ  close to 45°). Additionally, mutating the rare GPEK V3 

crown motif of the wt T/F Env to the consensus subtype B motif, GPGK, conferred 

greater ability to use CD4 and CCR5 on Affinofile cells, as well as other cell lines and 

primary cells. The reversion to the consensus V3 crown motif (GPEKàGPGK) was 

accompanied by a marked decrease in θ  (45° to near 0°) and a 10-fold increase in D.  

Inspection of the infectivity profile (Fig. 10 of the paper) revealed that the GPGK 

reversion mutant is only sensitive to changes in CD4 levels (hence θ ~ 0°).  The increase 
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in D could be accounted for by the accumulated increase of the infectivity response at 

low levels of CCR5 (as CD4 levels are increased) where no infectivity response was 

previously present.   The authors suggest the decrease in entry efficiency exhibited the 

isolated virus may be due to unusual coreceptor usage or abnormal coreceptor protein 

conformation usage by this virus, which is known to occur in vitro (99, 100). This 

illustrates the possible dichotomy between in vivo and in vitro results. 

Together, these studies demonstrate that the Affinofile system can be effectively used to 

examine, characterize and/or segregate the entry phenotypes of viruses that are associated 

with distinct pathophysiological properties in vivo.  

Influence of Entry Inhibitors on CD4 and CCR5 Usage 

The clinical use of CCR5 antagonists was initially accompanied by concerns that 

resistance could easily occur by coreceptor switching of the virus to the more pathogenic 

CXCR4-using variants. These concerns were substantiated by the observation that in 

vitro coreceptor switching can occur due to mutations of as little as one amino acid (31). 

Indeed, phenotypic and/or genotypic testing for coreceptor tropism is required before the 

use of maraviroc, currently the only FDA approved CCR5 antagonist, in combination 

antiretroviral therapy (101).  In earlier clinical trials, the development of resistance to 

CCR5 antagonist was confounded by the relative insensitivity of the phenotypic 

coreceptor tropism test (trofile), which inadvertently allowed the outgrowth of pre-

existing X4 or dual-tropic/mixed (D/M) strains (101, 102). In the absence of pre-existing 

X4 or D/M strains, the preferred pathway to resistance for R5 strains appears to be 
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evolving the ability use the antagonist bound form of CCR5 rather than bona fide 

coreceptor switching (103). Several groups have used the Affinofile system to shed more 

light on how HIV-1 circumvents entry inhibition mediated by CCR5 antagonists.  

 

In one of the first studies that used the Affinofile cell line (104), the authors 

examined how the expression levels of CCR5 can alter the Maximum Percent Inhibition 

(MPI) of viral isolates resistant to the CCR5 antagonist vicriviroc (VVC). MPI indicates a 

plateau level of inhibition in the presence of excess of inhibitor, and is a mechanistically 

distinct from resistance that is attributed to increases in IC50. A MPI effect is indicative 

that the virus is using the inhibitor-bound form of CCR5. The results of this study 

demonstrated that the CCR5 expression levels were inversely proportional to the 

resulting MPI, indicating that increasing levels of CCR5 can compensate for the 

inefficient usage of the inhibitor-bound form of CCR5 by VVC-resistant viruses. 

Interestingly, two different VVC-resistant clones independently derived from the drug 

sensitive parental clone (CC1/85) can exhibit differential levels of VVC-resistance that is 

revealed by the gradient of the MPI effect observed under varying levels of CCR5 in the 

Affinofile cells. The authors suggest that the CCR5 levels expressed on different cell 

lines or primary cells can lead to distinct MPI plateaus, thus altering one’s interpretation 

of the degree of resistance.  

 

These results were recently corroborated by (91), which reported that the 

commonly used “maraviroc (MVC) sensitive” CC1/85 Env (the parental derivative of 
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many CCR5-inhibitor resistant clones) has an inherent, albeit low-level, ability to use the 

MVC-bound form of CCR5. The authors show that when using U87-CD4/CCR5, JC53, 

TZM-bl cells and PBMC, the MVC-sensitive CC1/85 virus is completely inhibited by 

saturating concentrations of MVC, hence the MPI is 100% in these cells. However, when 

the same experiment was done in NP2-CD4/CCR5 cells, which express comparatively 

higher levels of CCR5, or Affinofile cells induced to express high levels of CCR5, the 

MPI is 96.2% and 53%, respectively. Moreover, the authors show that systematically 

decreasing the levels of CCR5 on Affinofile cells gradually increases the MPI to the 

levels seen in the other cells, thus illustrating a inverse relationship between the MPI and 

CCR5 expression levels by this ostensibly “MVC-sensitive” CC1/85 Env. The authors 

suggest that this low level ability to use the MVC-bound from of CCR5, which is only 

revealed on cells capable of expressing high levels of CCR5, likely predisposes the 

CC1/85 Env to gaining (cross)-resistance to CCR5 antagonists. The robust inverse 

correlation of MPI with CCR5 induction levels suggest that the Affinofile cells may 

detect baseline resistance to CCR5 antagonists with greater sensitivity than the other 

commonly used cell lines. If validated, this would facilitate the clinical use of CCR5 

inhibitors. The gradient of MPI observed as CCR5 is induced on the same cellular 

background is a particularly useful property. Conversely, U87-CD4/CCR5 cells that are 

commonly used for phenotypic testing of CCR5 inhibitor resistance may not be sensitive 

enough to detect the incipient development of CCR5 inhibitor resistance.  
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Using the Affinofile system, several groups have examined how resistance to 

CCR5 entry inhibitors influences viral usage of CD4 and CCR5. In (105) and (106) the 

authors detailed how in vivo and in vitro derived Envs resistant to the CCR5 antagonists 

aplaviroc (APL) and MVC, respectively, have modified entry efficiencies in the presence 

of the inhibitor. In both studies, the authors showed that inhibitor sensitive and resistant 

Envs had similar 3-D infection plots and vector metrics, highlighted by vector angles 

ranging from 10° -17°, which implies a below average dependency on CCR5 expression 

levels. In both studies, examination of the inhibitor resistant clones in the presence of 

inhibitor resulted in infectivity plots with an overall reduced infection, but more 

importantly the vector angles shifted to 22.6° -30°. Additionally, the presence of the 

CCR5 antagonist reduced the non-normalized vector magnitude, which in this case would 

represent a lower maximum infection compared to experiment done without inhibitor. 

The standardization procedure implemented in the Affinofile system allows cross study 

comparison of results through the use of the vector metrics. These results together 

indicate an overall inefficient usage of the inhibitor bound form of CCR5. In both cases 

the reduced entry efficiency calculated by the Affinofile cell system correlated with 

reduced and altered entry into primary cells; more specifically, the Pfaff study showed an 

altered tropism in CD4 + T cells, while the Roche study showed an altered tropism for 

macrophages, both due to reduced ability of the resistant virus to interact with the drug-

modified form of CCR5.  
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Finally, in a separate study, (90), examined CCR5 antagonist sensitive and 

resistant clones isolated from a patient who experienced virological failure on MVC. In 

the absence of inhibitor, the sensitive and resistant clones had vector angles that were 

similar, 6.7° and 7.6°, respectively. As expected, in the presence of inhibitor, infection 

with the sensitive clone was completely abrogated. However, unlike the previous reports, 

infection with the resistance clone was largely unaffected in the presence of inhibitor, as 

revealed by a similar vector angle of 7.2°, indicating a highly efficient usage of the drug-

bound form of CCR5 by this particular resistant HIV-1 variant. Inspection of the 

infectivity plots confirmed that the MVC-resistant clone remained sensitive only to 

changes in CD4 levels. This latter study illustrates that CCR5 antagonist resistance can 

occur with diametrically opposed consequences on entry efficiency.  

 

Cellular tropism and efficiency of CD4/CCR5 usage  

In (89) the authors showed that dual-tropic Envs have varying degrees of CCR5 

usage in the absence of CXCR4 by infecting Affinofile cells expressing fixed levels of 

CD4, and varying levels of CCR5. Moreover, the authors show that the ability of dual-

tropic Envs to mediate entry into CD4high/CCR5low induced Affinofile cells correlates 

with the efficiency of CCR5 mediated entry into lymphocytes. These results, coupled 

with other assays convincingly demonstrate that the use of CCR5 on primary T-cells by 

dual-tropic Envs is positively correlated with their CCR5 usage efficiency in Affinofile 

cells.  Similarly, in a separate study, (107), were able to show that the ability of R5 

primary isolates to enter MDM correlates with the ability to enter Affinofile cells induced 
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to express low levels of CCR5 and moderate levels of CD4. These results, as well as the 

reports discussed earlier, show that the Affinofile cell line may be useful as a surrogate to 

examine entry into primary cells as well as several other cell lines.  
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Limitations of 293 Affinofile System 

One important issue to communicate is that due to the manipulations in 

engineering the quadruple stable cell line, there are inherent limitations to what assays 

and additional operations can be done. For example, we have determined that this cell 

line is not appropriate for conducting beta-lactamase based virus-cell fusion assays 

because of the relatively high background levels (data not shown). We suspect that the 

ampicillin resistance genes, on each plasmid used to make the quadruple stable cell line, 

collectively express enough beta-lactamase to increase the background level of CCF2-

AM cleavage. Issues such as this should be considered before the using Affinofile cells 

outside designated parameters. 

As with many cell lines, Affinofile cells express a basal level of CXCR4 that 

comes from its HEK 293 parentage. Therefore it is critical that the viral Env being 

examined is fully CCR5 dependent. This can be confirmed by the use of suitable CCR5 

inhibitors; infection on the Affinofile cells should be abrogated by a known CCR5-

inhibitor, or at least not affected by a known CXCR4-inhibitor. Alternatively, as done by 

previous authors, saturating amounts of CXCR4 entry inhibitor can be added to each 

well, preventing the use of CXCR4 for entry. However, if the objective of the experiment 

is to examine the efficiency of CD4 usage for CXCR4 viruses, the basal level of CXCR4 

present in the cell will permit this, as the X4 Env HxB effectively gives a infectivity plot 

with a vector angle close to zero degrees (unpublished data).  
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Conclusions 

We have reviewed all published studies that have used the Affinofile cells to 

reveal some new facet of the HIV entry process. We invite the reader to inspect the 

original articles summarized in Table 3-1. While expression levels of CD4 and CCR5 

clearly impacts on the efficiency of R5 HIV-1 entry, they are clearly not the only host 

cell determinants that impact on the entry process.  However, of the various soluble host 

cell factors that have been described to modulate HIV entry such as galectin-1 (12, 13, 

108), galectin-9 (109), and 25-hydroxycholesterol (110), it would be of great interest to 

see if they do so in a manner dependent on CD4 and CCR5 expression levels. The 

VERSA website at versa.biomath.ucla.edu continues to accept suggestions as to further 

improvements, and we are working on developing more robust methods to facilitate more 

widespread usage of the Affinofile system.  The Affinofile system will be deposited in 

the NIH AIDS Reagent Repository by early 2013.    
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Figure 3-1. Generation of the 293 Affinofile cell line. CD4 expression is controlled by 

the Tet-On system in which constitutive expression of the tet transactivator from 

pcDNA/TR (1) represses expression from the Tet-O-CMV promoter (3) in the absence of 

tetracycline. In the presence of tetracycline, the tet transactivator is released from the Tet-

O-CMV promoter on pcDNA5/TO-CD4 (3), allowing CMV driven expression of CD4. 

CCR5 expression is controlled by the synthetic ecdysone-inducible system in which the 

pon A transactivator, VgRXR (2), comprises of the modified heterodimeric subunits of 

the insect nuclear hormone receptors VgEcR and RXR. VgEcR and RXR are 

independently driven by constitutive promoters on the same plasmid (pcVgRXR) (2), but 

are shown simply as “ponTransAct” for clarity.  In the presence of ponasterone A, the 

two subunits dimerize (VgRXR) and bind to the pon A inducible promoter on pIND-R5 

(4) consisting of 5X Ecdysone/Glucocorticoid Response Element (5X E/GREs), driving 

expression of CCR5. Thus, the addition of varying amounts of tetracycline and/or 
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ponasterone A induces CD4 and/or CCR5 expression, respectively. The induced surface 

levels of CD4 and CCR5 is quantified by qFACS as described in the text. The inset tables 

represent the publications that specifically state the maximal number of CD4 (red) and/or 

CCR5 (green) Antibody Binding Sites (ABS)/cell induced.  The natural logarithms of 

CD4 and CCR5 cell surface concentrations (ABS/cell) are indicated here for 

convenience. We will refer to these numbers when discussing the analytic methods used 

to quantify the efficiency of CD4/CCR5 usage.  
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Figure 3-2. Derivation of VERSA metrics. (A) A prototypic R5 Env pseudotyped virus 

was used to infect Affinofile cells induced with varying concentration of tetracycline and 

ponasterone A. The infectivity profile generated in (A) can be mathematically fitted to 

the surface function F(x,y) shown in (B), where x and y are the mathematically rescaled 

values for the relevant CD4 and CCR5 concentrations (see text for details).  Essentially, 

the surface plot in (B) represents the infectivity response of Env as a function of CD4 and 

CCR5 expression level, which is described by the continuous polynomial function F(x,y).  
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As indicated in the text, three biophysically meaningful parameters can be extracted from 

this surface function that captures the essential phenotypic behavior of Env in response to 

varying levels of CD4 and CCR5.  The three metrics (1) Mean infectivity (M), (2) Vector 

angle (θ ), and (3) Vector amplitude (D), are graphically represented in (B) and (C). The 

mathematical formulation of these metrics, their biophysical correlates, and how these 

metrics can be used to quantify the entry phenotype of Env are detailed in the text.  (D) A 

reproduction of Fig. 5 from Agrawal-Gamse, et al. (88) illustrating how the nature of the 

infectivity plot is reflected in the angular metric. See text for details.  
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Table 3-1: Summary of Publications using the 293 Affinofile Cells
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Chapter 4 

 

 

 

 

 

 

Distinct HIV-1 entry phenotypes are associated with transmission, subtype 

specificity, and neutralization resistance. 
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ABSTRACT 

The efficiency of CD4/CCR5 mediated HIV-1 entry has important implications 

for pathogenesis and transmission.  The Affinofile HIV-1 receptor affinity profiling 

system analyzes the infectivity profiles of HIV-1 envelopes (Envs) across a spectrum of 

CD4/CCR5 expression levels, and Affinofile metrics quantify the infectivity of Env in 

response to varying CD4/CCR5 levels. The Affinofile system has revealed a divergent 

array of biologically-relevant Env phenotypes associated with differential CD4/CCR5 

usage efficiencies. To facilitate a more rapid and sensitive analysis of HIV-1 entry 

phenotypes, we engineered a second-generation Affinofile system containing a tat-rev 

dependent Gaussia luciferase-eGFP-Reporter (GGR) that has high-throughput capability 

for measuring CD4/CCR5 usage efficiency by HIV-1 Env. We validated this second-

generation GGR Affinofile system on functionally well-characterized Env mutants, 

demonstrated that CD4/CCR5 usage was inter-dependent, and established that Affinofile 

metrics reflect differential entry phenotypes on primary CD4+ T-cell subsets. Next, we 

showed that subtype B transmitted/founder (T/F) Envs are more dependent on high levels 

of CD4 for efficient HIV-1 entry compared to chronic Envs, and that this phenotypic 

difference can be quantified by different sets of Affinofile metrics. Then, we examined 

28 acute/early Envs derived from subtypes A-D, and discovered that the various subtypes 

have overlapping but distinct metrics. Finally, Affinofile profiling of subtype A-D Envs 

resistant to the broadly neutralizing Env antibodies PG9/PG16 and VRC01 revealed that 

resistance impairs entry efficiencies. In sum, GGR Affinofile profiling can discern subtle 
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but real differences in entry phenotypes and may facilitate and refine the study of 

pathophysiological phenotypes associated with varying HIV-1 entry efficiencies.  
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INTRODUCTION 

Human immunodeficiency virus type 1 (HIV-1) enters target cells through the 

stepwise interaction of its envelope glycoproteins (Env) with CD4 and a coreceptor, 

either CCR5 or CXCR4. Receptor binding induces a series of conformational changes 

that results in fusion pore formation and virus/cell membrane fusion (66). Regardless of 

HIV-1 subtypes, acutely transmitted viruses invariably use CCR5 (R5). Furthermore, 

although CXCR4-using (X4, R5X4) viruses can emerge in approximately 40-50% of late 

stage HIV-1 subtype B infections (111, 112), most HIV-1 infected subjects, particularly 

those with subtype A and C viruses (34, 113), progress to late stages of infection whilst 

exclusively harboring R5 viruses.  

 

While many viral and host factors contribute to HIV-1 progression, there is a 

strong body of evidence that supports some Env determinants of pathogenicity.  For 

example, in patients with R5 viruses, isolates from late stages of infection have a greater 

capacity to infect macrophages (68-70), which correlates with more efficient usage of 

low levels of CD4 and CCR5 expressed on these cells (6, 70-72). These late stage R5 

isolates can also cause increased levels of cell-cell fusion (114) and CD4+ T-cell 

apoptosis (115). Late stage brain isolates have also been shown to utilize low levels of 

CD4 and/or CCR5 for entry (8, 51, 116-122). Therefore, viruses capable of exploiting 

limiting levels of CD4 and/or CCR5 may have expanded target cell tropism, with 

possible consequences for pathogenicity (79, 80, 122).  Furthermore, viruses that are 

resistant to the CCR5 antagonists vicriviroc (VVC) and maraviroc (MVC) exhibit 
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reduced ability to utilize lower levels CCR5 compared to their non-resistant counterparts 

(123, 124).  Finally, the recent characterization of transmitter/founder (T/F) Envs has 

indicated that these R5 variants enter and replicate in activated primary T-cells but not 

macrophages (125), underscoring the increasingly evident notion that CCR5 usage is not 

equivalent to macrophage-tropism (113, 126). Together, these studies show that how 

efficiently a viral Env engages CD4 and/or CCR5 has a profound influence on 

pathogenicity, disease progression and resistance to CCR5 antagonists (28, 32, 113). 

Thus, a more refined understanding of how Env-CD4/CCR5 usage efficiencies develop 

and differ under alternate evolutionary histories will inform the development and use of 

HIV-1 vaccines and therapeutics that target HIV-1 entry.   

  

The Affinofile system, based on a CD4 and CCR5 dual-inducible cell line, 

permits quantitative characterization of HIV-1 entry efficiency across 24-48 distinct 

combinations of CD4/CCR5 expression levels (57). Multiple groups have used this 

receptor affinity profiling system  (Affinofile) to reveal differential CD4/CCR5 usage 

efficiencies associated with distinct pathophysiological phenotypes.   These studies have 

shed light on the nature of CCR5-inhibitor resistance (91, 123, 124, 127, 128), the 

relationship between CD4/CCR5 usage efficiency and cellular tropism as well as disease 

pathogenesis  (129), and the interdependence of CD4 and CCR5 usage (reviewed in 

(58)).  In the Affinofile system, the infectivity of each Env can be examined under 24-48 

distinct combinations of CD4 and CCR5 expression levels to determine the set of three 

parameters that describe its CD4 and CCR5 usage pattern and efficiency of entry. It is the 
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comparison of these Affinofile metrics between different Envs that are critical for 

revealing some of the biological insights gained in these studies. Affinofile metrics can 

be extracted from the infectivity data by an automated web-based computational platform 

(57), but comprehensive infectivity profiling still requires the examination of each Env 

under multiple distinct combinations of CD4/CCR5 expression levels.  

 

To gain further insights into HIV-1 entry phenotypes associated with distinct 

pathophysiologies, we engineered a higher throughput, second generation Affinofile 

system that would: (1) improve the robustness of the infectivity data obtained, (2) ease 

the process of data sampling and analysis by permitting sequential time-point sampling of 

the infected cell supernatant without the need for end-point lysis, and (3) not require the 

presence of any virus-associated reporter gene, but is still compatible with the use of any 

live replication competent virus as well as any HIV-1 proviral backbones used for Env 

pseudotyping.  To this end, we transduced Affinofile cells with a tat- and rev-dependent 

reporter engineered to express green fluorescent protein (GFP) and secrete Gaussia 

luciferase into the supernatant upon infection. This Gaussia luciferase-GFP Reporter 

(GGR) Affinofile cell line now permits the simple and rapid detection of HIV-1 infection 

by serial sampling a small volume of supernatant for Gaussia luciferase activity, while 

taking full advantage of the CD4 and CCR5 inducibility of the original Affinofile cells.  

  

In this study, we comprehensively validated the new GGR Affinofile system and 

used it to better characterize the physiological meaning of the Affinofile metrics. Then, 
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we illustrate how the improved, high throughput GGR Affinofile system and associated 

metrics can be used to reveal distinct Env phenotypes associated with acute transmission, 

subtype specificity, and neutralization resistance.  
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Results 

Generation and characterization of the reporter GGR Affinofile cell line.  To 

generate our GGR vector, we modified a previously published tat/rev-dependent vector 

(63, 130) by cloning the Gaussia luciferase (gLuc) gene upstream of a GFP reporter gene, 

linked via an internal ribosomal entry site (IRES) (Fig. 4-1A). Judiciously placed splice 

donor and acceptor sites, in addition to the Rev-responsive element (RRE) placed 

downstream of the GFP reporter gene, ensures that only the full-length unspliced reporter 

mRNA will be translated in the presence of tat and rev, which is provided by commonly 

used HIV reporter vectors, and replication-competent HIV. Lentiviral VSV-G 

pseudotypes containing this gLuc-GFP Reporter (GGR) vector were used to transduce 

early passage Affinofile cells. Stable GGR Affinofile cell lines with optimal properties 

were single cell cloned as described in methods.        

\ 

We first determined the dynamic range and sensitivity of an optimal GGR 

Affinofile cell line for detecting HIV infection. Fig. 4-1B shows that GGR Affinofile 

cells could detect R5-virus infection, as revealed by gLuc activity in the supernatant, as 

early as 17 hpi when using an MOI of 0.5. Increasing either the amount of viral inoculum 

used, or the amount of time post-infection before analysis of gLuc activity, increased the 

sensitivity of virus detection. Thus, while gLuc activity could be detected at 20-fold 

above background as early as 17 hpi using a relatively high MOI of 0.5, GGR Affinofile 

cells were also able to detect infection using ~10-fold less virus (MOI 0.0625), and with 

equal sensitivity, but only at 72 hpi (Fig. 4-1C).  To determine if gLuc activity in the 
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infected culture supernatant reflected the level of virus infection monitored by more 

familiar assays, such as intracellular p24 staining, we infected GGR Affinofile cells with 

JR-CSF Env pseudotyped pNL-luc virus at an MOI of 0.25 over a range of CD4 and 

CCR5 expression levels. At 72 hpi, we simultaneously determined gLuc activity in the 

supernatant and intracellular p24 levels. Fig. 4-1D-1E, shows that gLuc activity in the 

infected culture supernatant mirrored the level of infection as reported by intracellular 

p24 staining. 

 

Defining the parameters that impact on the infectivity metrics used for profiling the 

efficiency of HIV-1 entry. R5 virus infection of GGR Affinofile cells across a spectrum 

of CD4 and CCR5 expression levels generated an infectivity profile (Fig. 4-2A) that can 

be mathematically represented by a surface function F(x, y) (Fig. 4-2B), which describes 

the infectivity response as a function of CD4 and CCR5 cell surface expression levels 

(57). The salient features of this surface plot can be captured by three biophysically 

meaningful parameters illustrated in Fig. 4-2B and C: the mean infectivity level M , and 

the angle θ  and amplitude Δ  of the sensitivity vector. The operational definitions of 

these parameters are indicated in the panels below Fig. 4-2A-C. Their mathematical 

definitions and formulations have been reviewed recently (58). Together, these three 

metrics quantitatively describe the phenotypic behavior of a given viral envelope in 

response to changes across a spectrum of CD4 and CCR5 expression levels.  
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To determine the precision and robustness of these three metrics across a range of 

infection and detection parameters, we infected GGR Affinofile cells—induced to 

express 25 distinct combinations of CD4 and CCR5—with a prototypic R5 virus (BaL), 

over a 16-fold range of viral inoculums, and monitored infectivity at 24, 48 and 72 hpi.  

Fig. 4-2D shows that the angle θ  of the S


 is relatively insensitive to changes in the 

amount of viral inoculum used, remaining close to 45° except at the highest level of 

inoculum used (MOI=2). At high MOIs, the vector angles were more variable between 

repeats, likely due to multiple infections per cell and other inherent toxicities associated 

with a high viral inoculum. Notably, at MOIs less than 2, the angles did not change 

regardless of whether the infectivity data was obtained at 24, 48, or 72 hpi.  The mean 

amplitude of the infection response (D), and the mean infectivity (M) were similarly 

stable across a wide range of MOIs (Fig. 4-2E-F).  Similar to the angle metric, the 

amplitude (D) and mean infectivity (M) metrics obtained at a high MOI (of 2) were also 

more variable, and likely not reflective of the Env’s true phenotype. In contrast to the 

stability of these VERSA metrics obtained using normalized infectivity data, the D and M 

metrics obtained using raw luciferase activity values varied markedly as a function of 

MOI and time of detection post-infection (Fig. 4-8).  

 

 GGR Affinofile cells can be used to characterize a range of distinct Env 

phenotypes (Fig. 4-9A-C) and the infectivity profile of each Env can be represented by 

the set of three metrics (Fig. 4-9D-F). Notably, all three metrics (θ ,Δ ,M ) for a given 

Env can be represented on a polar plot, and the metrics for each Env appear to be highly 
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reproducible (Fig. 4-9G). These Affinofile derived metrics distill the phenotypic 

properties of a particular Env from a rich set of experimental data, and hence, may 

provide a quantitative tool to segregate Envs based on their functional phenotype.  A 

better understanding regarding the physiological correlates of these Affinofile metrics 

might also help illuminate the biological behavior of HIV-1 Envs, and shed light on the 

complex determinants of HIV-1 tropism and entry.  

 

Affinofile metrics illuminate the phenotype of functionally well-characterized point 

mutants.  To further validate how Affinofile metrics may reflect changes in CD4/CCR5 

usage efficiencies, we examined two point mutants in JR-CSF with well-described, but 

diametrically opposed effects on CCR5 binding. S142N, a V1 loop mutant (131), confers 

on JR-CSF the ability to enter a number of T-cell lines with vanishingly low levels of 

CCR5 (8, 79), while K421D is a “bridging sheet” mutant that reduces the affinity of 

gp120 for CCR5 (132, 133). Viruses pseudotyped with wild type (wt) JR-CSF, or with 

S142N or K421D Env mutants were produced and titrated on Ghost-R5 cells where CD4 

and CCR5 levels were non-limiting.  An equivalent MOI of each pseudotype was then 

used to infect GGR Affinofile cells expressing 25 distinct combinations of cell surface 

CD4 and CCR5 levels.  

 

Compared to wt JR-CSF (Fig. 4-3A), the S142N mutant exhibited enhanced entry 

at every level of CCR5 at or above a specific threshold level of CD4 (0.4 ng/ml Dox) 

(Fig. 4-3B). This is apparent when comparing the rows of green, yellow, orange and red 
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bars along the CCR5 axis between Fig. 4-3A and 4-3B. Thus, S142N was more 

responsive to changes in CCR5 levels than wt JR-CSF. This phenotype is reflected as an 

increase in θ  from 30.5° to 38° for JR-CSF and S142N, respectively. Recall that a 

relative increase in vector angle (towards 90° as θ  approaches the y-axis) indicates that 

an Env’s infectivity is more sensitive to changes in levels of CCR5. A summary of the 

vector metrics is given in Fig. 4-3D, and illustrated in Fig. 4-3E as a polar plot. For 

S142N, its ability to use CCR5 efficiently also enhances its infectivity at any given level 

of CD4; thus, the overall level of infection across the entire matrix of CD4/CCR5 

expression levels is also higher.  This overall increase in infectivity is reflected in the 

increase in M from 20 to 40.5 for wt JR-CSF and S142N, respectively (Fig. 4-3D, and 

also graphically represented by the size of the circle in Fig. 4-3E). The combination of an 

increase in θ  and M  supports the conclusion that S142N uses CCR5 more efficiently 

than wt JR-CSF.  

 

 In contrast, K421D showed inefficient entry at the lowest two levels of CCR5 

(<20% of maximal infectivity at 0 and 0.25 mM PonA) regardless of how much CD4 was 

present (Fig. 4-3C), consistent with the known role of this K421 bridging sheet residue in 

mediating coreceptor interactions (132, 133). Interestingly, at high CCR5 levels (2 and 1 

mM PonA), K421D responded more dramatically to increasing levels of CD4 than wt JR-

CSF. These phenotypic properties are reflected by the decrease in θ  for K421D (23°) 

compared to wt JR-CSF (30.5°), and a concomitant increase in Δ  (50.5 to 69.5 for wt and 

K421D, respectively) (Fig. 4-3D and 3E). Just as an increase in θ  for S142N indicates 
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that its infectivity is more sensitive to changes in levels of CCR5, a decrease in θ  for 

K41D indicates that on average, the infectivity of K421D is more sensitive to changes in 

CD4 levels compared to wt JR-CSF. However, the mean infectivity (M ) for K421D was 

only moderately decreased compared to wt JR-CSF (16.5 vs 20, Fig. 4-3D and 4-3E). 

This likely reflects K421D’s compensatory increase in the magnitude of its infectivity 

response to high CD4/CCR5 levels. Collectively, these results reveal that high levels of 

CD4/CCR5 may compensate for the inefficient entry exhibited by the K421D mutation at 

low CCR5 levels.  

 

Affinofile metrics reflect biologically relevant differences in T-cell tropism.  To 

determine how these Affinofile metrics reflect the ability of a viral Env to infect primary 

CD4+ T-cells, we infected total PBMCs with pseudotyped luciferase reporter viruses 

bearing wt JR-CSF, S142N or the K421D Env mutants. 4-4A shows that the S142N virus 

infected PBMCs better than wt JR-CSF while the K421D virus exhibited the lowest level 

of infection.  This pattern reflected the θ and M metrics of the respective viruses, as the 

limiting parameter on primary CD4+ T-cells are the levels of CCR5 (low), not CD4 

(high).    

 

Next, we infected CD3/CD28 stimulated CD4+ T-cells with wt JR-CSF, S142N 

or the K421D Env pseudotyped virus, and assessed the infection of the indicated CD4+ 

T-cell subsets via intracellular p24 staining and multiparametric FACS analysis three 

days post-infection.  The overall levels of infection, as determined by the percentage of 
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p24+ cells, were consistent with the luciferase reporter results observed in Fig. 4-4A with 

S142N infecting the greatest proportion of cells and K421D the lowest (Fig. 4-4B). In 

most cases, the majority of p24+ cells were CD4+ T-central memory cells (TCM, 

CCR7+CD45RO+), with the remainder comprising the effector memory subset (TEM, 

CCR7-CD45RO+) or the naïve T-cell subset (Tnaive, CCR7+CD45RO-) (Fig. 4-4C-D).  

Interestingly, the S142N mutant demonstrated not only an increase in overall infectivity, 

but also an altered pattern of cellular tropism. Compared to wt JR-CSF, the S142N 

mutant infected almost 4-fold more naïve T-cells (25.9% vs 6.8%) and 2-fold more TEM 

cells (21.8% vs 12.4%). As a consequence, S142N infected fewer TCM cells compared to 

wt JR-CSF (48.5% vs 79.9%) (Fig. 4-4C). Although K421D infected fewer CD4+ T-

cells, the CD4+ T-cell subset distribution resembled that of wt JR-CSF infection. Thus, 

the differential ability to use CCR5 as quantified by the GGR Affinofile assay is reflected 

in the differential ability of the wt and mutant JR-CSF Envs (S142N) to infect CD4+ T-

cell subsets where CD4 expression is relatively high and uniform, where CCR5 

expression is low and variable (8, 134). Our results indicate that the differential entry 

efficiencies quantified by our GGR Affinofile system can reveal biologically relevant 

properties with regards to primary CD4+ T-cell subset tropism.     

 

Affinofile metrics reveal differences in CD4/CCR5 usage efficiencies between 

chronic and Transmitter/Founder derived Envs. An accumulating body of evidence 

indicates that the majority of primary infections are established by a single viral clone 

(135-137). To discern whether relevant differences in entry efficiencies exist between T/F 
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and chronic Envs, we used the GGR Affinofile system to examine the infectivity of T/F 

Envs (isolated from acutely infected Feinberg stage II or III patients) (138), and 

compared their infectivity metrics (θ ,Δ ,M )  with those from a standard panel of chronic 

Envs. The specific clones used are indicated in supplementary Table S3. The infectivity 

profile of each T/F and chronic Env was examined at 25 distinct CD4/CCR5 expression 

levels (Fig. 4-4), and their infectivity metrics (Fig. 4-5A-C) were obtained via VERSA as 

described in methods. 

 

 Fig. 4-5A shows that T/F Envs have a median θ  that is significantly lower than 

that of chronic Envs (15° vs 25°, p=0.0003), and that this lower θ  was also associated 

with a lower Δ  (vector amplitude) (Fig. 4-5C). This correlation indicates that although 

the infectivity of T/F Envs is more dependent on changes in CD4 levels (lowerθ ), the 

gradient of the infectivity response to increasing CD4 levels is still less than that of 

chronic Envs (smaller Δ ), especially at lower, more physiological levels of CCR5.  This 

can be seen in Fig. 4-5D and E, which compares the infectivity response of T/F and 

chronic Envs as a function of CD4 levels at low (Fig. 4-5D) and high (Fig. 4-5E) levels 

of CCR5. The wedge plot in Fig. 4-5F also shows that the T/F Envs can be 

phenotypically segregated from the chronic Envs on the basis of their θ  and Δ  metrics, 

at least within the cohort of subtype B Envs examined. Finally, the 2-D contour plots of 

the averaged infectivity between T/F and chronic Envs across a spectrum of CD4/CCR5 

expression levels help highlight the differences indicated by their infectivity metrics: that 

at low to moderate levels of CCR5 (0-0.5 µM Pon), only the highest level of CD4 
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allowed efficient entry for the T/F Envs (Fig. 4-5G, compare upper right quadrants). This 

phenotype is consistent with the observation that T/F Envs, despite being universally 

CCR5-using, are almost always primary T-cell tropic (high CD4/low CCR5) and not 

macrophage-tropic (low CD4/high CCR5) (125). 

 

HIV-1 Envs exhibit subtype-specific differences in CD4/CCR5 usage efficiencies. 

 We next used the GGR Affinofile cells to characterize a panel of 28 subtype A, B, C and 

D Envs (Table 4-2). The infectivity data for each subtype Env examined are shown in 

Fig. 4-4. As might be expected from a random panel of subtype Envs, there was a high 

degree of intra- and inter- subtype variability in all three metrics (Fig. 4-6A). Despite 

this, significant differences in CD4/CCR5 usage patterns between HIV-1 subtypes can be 

appreciated.  For example, subtype C Envs had the highest θ  and M  values (Fig. 4-6A), 

indicating that subtype C Envs, as a group, used CCR5 more efficiently than Envs from 

other HIV-1 subtypes.  The infectivity data confirms that subtype C Envs do, indeed, 

achieve a higher level of infection in response to increasing CCR5 levels, especially 

when CD4 levels are limiting (Fig. 4-6B, compare the lower left quadrants). Interestingly, 

when CCR5 levels are low, subtype C Envs exhibited markedly reduced levels of 

infectivity compared to Envs from other HIV-1 subtypes, even at the highest CD4 levels 

(Fig. 4-6B, upper right quadrants).  This particular nuance, although evident from the 

infectivity profile, is not captured by our current Affinofile metrics. Finally, Envs from 

both HIV-1 subtypes A and C have significantly higher M values than subtype B Envs 

(Fig. 4-6A). The polar plot in Fig. 4-6C shows that subtype C envelopes can be clearly 
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differentiated from other subtype envelopes based on their θ  and M  metrics even if the 

amplitudes (Δ ) do not differ significantly between the subtypes.  

 

Affinofile profiling reveals that resistance to broadly neutralizing antibodies also 

results in reduced entry efficiency. Recent technological advancements have resulted in 

the cloning and characterization of numerous broadly neutralizing antibodies (BNabs) 

with increased potency and breath of coverage compared to the “classical” BNAbs such 

as b12, 2G12 and 2F5. PG9/PG16 and VRC01 represent two of the major classes of these 

“next generation” BNabs with non-overlapping epitopes (139-141). Despite the breath 

and potency of these BNAbs, single point mutations, N160K and N279/280A, can confer 

resistance to PG9/PG16 and VRC01, respectively (139, 141). N160 and N279/280 are 

highly conserved residues across HIV-1 subtypes suggesting that these residues are under 

selective pressure.  

 

To determine whether these BNAb resistance mutants have any consequence on 

the entry efficiency of the resulting Env, we generated resistant N160K and N279/280A 

mutants in 24 Envs representing subtypes A through D, and examined their CD4/CCR5 

entry efficiencies in the GGR Affinofile system. Fig. 4-7A, B and C, shows the 

infectivity profiles for all 36 wt Envs, N160K, and N279/280A mutants, each Env 

examined across 25 distinct CD4/CCR5 expression levels. Compared to the wt 

counterparts, the PG9/PG16 (N160K) and VRC01 (N279/280A) resistance mutations 

reduce the efficiency of entry; both requiring higher levels of CD4 and CCR5 to achieve 
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similar levels of infection as their wt counterparts. This can be appreciated by comparing 

the CD4/CCR5 expression level combinations that give rise to low levels of infection 

(green areas), or conversely, those that give rise to the highest level of infection (red 

areas), between the wt and mutant Envs (Fig. 4-7A-C). This phenotype of reduced entry 

efficiency across all subtypes tested is quantitatively reflected in the M  values, where 

the average M for PG9/PG16 and VRC01 resistant mutants is lower than that of their wt 

counterparts (Fig 4-7D and 4-7E). However, due to marked variability when comparing 

across all HIV-1 subtypes, only the difference between VRC01 resistance mutants and wt 

reached significance (p=0.0065). Our results suggest that resistance to BNAbs comes at 

the cost of reduced HIV-1 entry efficiency, and provides one functional explanation for 

the high conservation of these residues across HIV-1 subtypes. Both these reasons bode 

well for vaccine design that will elicit these kinds of BNAbs.  

 



76 
 

Discussion 

The Affinofle system and associated VERSA metrics have provided investigators a more 

quantitative method to characterize viral entry efficiency as a function of CD4 and CCR5 

expression levels. Quantitative comparisons of these three VERSA metrics—Mean 

infectivity (M), Vector Angle (θ) and Amplitude (D)—have facilitated our understanding 

of how CD4/CCR5 usage efficiencies correspond to distinct Env phenotypes associated 

with resistance to CCR5-inhibitors, and the myriad of in vitro or in vivo selective 

pressures that result in differential or altered cell tropism (57, 58, 90, 124, 127, 128, 142, 

143) .               

 

Although VERSA metrics should reflect an intrinsic phenotypic property of Env, 

it is not known how VERSA metrics can be affected by basic experimental parameters 

such as the amount of viral inoculum or whether raw or normalized infection data are 

used for input.  Our high-throughput GGR Affinofile cells, where infection can be 

monitored by serial sampling of the infected cell supernatant, allowed for a rigorous 

analysis of such parameters. Our results demonstrate several salient points: (1) if 

normalized infectivity data are used, all three VERSA metrics are relatively stable at 

MOIs of ~0.1 to 1.0—this range likely falls between a viral input that gives enough 

signal to detect differences in CD4 and CCR5 usage, whilst not being too high as to 

promote entry of more than one infectious unit per cell (Fig. 4-2), and (2) if raw 

infectivity data are used, M and D varies positively with increasing MOI, but θ remains 

similar to the value determined using normalized data (Fig. S1).  Thus, comparison of 
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VERSA metrics across divergent panels of Envs is best achieved using normalized 

infectivity data as input (Fig. 2 and S2). However, normalized data may limit the 

sensitivity of the VERSA metrics to differentiate Env phenotypes (reviewed in (58)).  

Nevertheless, intra-lab comparisons of VERSA metrics obtained using non-normalized 

data are likely to be meaningful if the parameters of infection and detection are held 

constant. The use of our clonal GGR Affinofile system will help further standardize the 

conditions used for obtaining VERSA metrics.          

 

Efficiency of CD4/CCR5 usage and T cell subset tropism. A salient feature of our 

GGR Affinofile system is the ability to distill the aggregate entry phenotype of Env into 

three metrics.  Here, we demonstrate that these VERSA metrics reflect biologically 

relevant phenotypes for wt JR-CSF Env, and two point mutants (S142N and K421D) 

known to modulate its affinity for CCR5. Specifically, S142N, which had larger θ and M 

values relative to wt JR-CSF, also infected total PMBCs better, and exhibited an 

expanded CD4+ T-cell subset tropism marked by an increased infection of naïve T-cells 

(Fig. 4-4C, 25.9% vs 6.8%).  Naïve T-cells have undetectable levels of CCR5 by FACS 

(134, 144, 145), much like the CCR5 “FACS-negative” T-cell lines (Molt 4 and SupT1) 

that the S142N Env virus is known to infect in a CCR5-dependent manner (79). 

Conversely, K421D, which had the smallest θ and M values, also infected PBMCs with 

the least efficiency, and lacked the expanded tropism seen with the S142N mutant.  
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What is the utility of being able to quantify the efficiency of CD4/CCR5 usage 

through a set of standardized metrics?  For S142N, the ability to use lower levels of CD4 

and CCR5 for entry correlates with its expanded tropism for naïve CD4+ T cells. HIV-1 

preferentially infects memory, rather than naïve CD4+ T cells (146-148).  However, loss 

of naïve T-cells is also clearly associated with immune system decline and disease 

progression, but is thought to be due to secondary factors such as lymph node fibrosis, 

which destroys the regenerative niche required for maintaining naïve T-cells (149, 150). 

To our knowledge, the infection of naïve T-cells in lymph nodes of late stage patients 

have not been directly examined. Since late stage R5 isolates are also more efficient in 

using low levels of CD4 and CCR5 for entry (6, 78), it is possible that infection of naïve 

T-cells by late stage R5 Envs might contribute to the diminishment seen. Currently, 

macrophage-tropism is widely used as a surrogate measure for R5 Envs that can use low 

levels of CD4 and/or CCR5 for entry (151), but it is not clear whether macrophage-tropic 

Envs also have an expanded tropism for naïve CD4+ T-cells. Use of our GGR Affinofile 

system and VERSA metrics to characterize extended panels of R5 macrophage-tropic and 

R5 non-macrophage tropic Envs will help shed light on this important issue related to R5 

Env pathogenesis. Intriguingly, even a binary read-out, such as an increase ability to 

infect CD4low/CCR5high relative to CD4high/CCR5high Affinofile cells, has been observed 

in CSF-derived R5 Envs from a patient many months before the patient developed HIV 

associated dementia (152).  Thus, it would also be of interest to determine the VERSA 

metrics of R5 Envs from a broader array of longitudinal cohorts, and evaluate whether a 

certain pattern of VERSA metrics is predictive of pathogenicity or disease progression.          
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T/F and chronic Envs. ~70-80% of heterosexual or IV drug use HIV-1 

transmission cases are established by a single transmitted/founder (T/F) virus clone (138, 

153-156). Concerted efforts have been made to discern genotypic and phenotypic 

differences between T/F and chronic Envs, since such differences may inform vaccine 

design, shed light on the biology of HIV-1 transmission and pathogenesis, or facilitate 

development of strategies to prevent HIV-1 transmission (135, 136). While T/F Envs are 

enriched in genotypic features such as an overall reduction in the number of potential N-

linked glycosylation sites (PNGS) (157), no unique genetic signatures can be ascribed 

only to T/F Envs. Phenotypic differences between T/F and chronic Envs also appear 

subtle:  no overt differences were found in multiple assays such as entry/fusion efficiency 

into cells expressing high or low levels of CD4/CCR5, infection of CD4+ T-cell subsets, 

dendritic cell mediated trans-infection, and sensitivity to entry inhibitors (158-162). 

However, moderate increases in sensitivity to neutralization by the CD4 binding site 

antibody b12, and more marked resistance to sCD4 inhibition, have been reported for 

some cohorts of subtype B T/F Envs relative to chronic Envs (160, 161).  

 

Our Affinofile profiling of a small panel of subtype B T/F and chronic Envs 

reveals moderate but significant differences in the CD4/CCR5 usage efficiencies. The 

differences are subtle, but the combination of θ and D clearly distinguishes the T/F Envs 

from the chronic Envs (Figure 4-5F), and also indicates that T/F Envs are less efficient at 

using CD4 (lower θ and D).  The implied decrease in CD4 binding affinity exhibited by 
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the T/F Envs in our study is consistent with the aforementioned cohort of T/F Envs with 

increased resistance to sCD4 neutralization (161). However, sensitivities to sCD4 or b12 

neutralization are surrogate markers for CD4 utilization, and neither directly measures the 

true entry phenotype of a virus with regards to CD4/CCR5 usage efficiency. sCD4 

sensitivity does not always correlate with gp120-CD4 binding affinity ((163) and 

references therein), and b12 neutralization can be affected by epitope changes that don’t 

affect CD4 binding (164). For example, T/F Envs are enriched for the loss of a particular 

N-glycan site, mediated by not having a Thr at position 415 (T415X), that allows better 

access to key b12 binding residues at positions 417-419 (157).  Thus, the increased 

sensitivity to b12 neutralization may be associated with a genetic signature (T415X) 

enriched in T/F Envs, rather than being a general property of T/F Envs per se.  In our 

cohort, there is no obvious relationship with sensitivity to b12 or sCD4 neutralization 

even though all but one T/F Env have the T415X signature (Table S3).  Yet, infectivity 

profiling across the full spectrum of CD4/CCR5 expression levels and VERSA metrics 

were able to reveal differences in entry phenotypes between T/F and chronic Envs.  

Clearly, our findings need to be extended by examination of larger groups. However, 

recent evidence suggest that T/F Envs and chronic Envs can differ in their ability to use 

the maraviroc bound form of CCR5, but this phenotype is more obviously revealed only 

on CD4high/CCR5high Affinofile cells (165, 166). The ability to use MVC-bound form of 

CCR5 in this case is likely a surrogate marker for an expanded promiscuity in the use of 

CCR5 conformations.  These results are not inconsistent with our current findings and 
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suggest that the full Affinofile profiling may have the requisite sensitivity to reveal subtle 

but real differences in Env phenotypes related to HIV-1 transmission.          

         

Subtype Env specific differences. Subtype C viruses, in pure or recombinant 

forms, comprise the majority of HIV-1 infections worldwide, and is associated with 

heterosexual transmission. Subtype Envs do exhibit phenotypic differences as evidenced 

by a significant correlation between CCR5 and FPRL1 usage for subtype A and C Envs, 

and between CCR5 and CCR3 usage only for subtype B Envs (167).  These differences in 

alternate coreceptor usage in highly permissive NP2/CD4/CoR cells likely reflects the 

different evolutionary histories of the subtype Envs, and is more apt to be a surrogate 

marker for the efficiency of CCR5 usage or the use of a specific conformation of CCR5.   

 

Subtype C Envs are indeed transmitted more efficiently in utero than subtype A 

or D Envs (168). Thus, it seems reasonable to intuit that subtype C Envs are more 

efficient in cell entry and/or transmission.   However, in vitro and ex vivo assays indicate 

that viruses bearing subtype C Envs are invariably outcompeted by other subtype Envs in 

PBMC outgrowth assays (38, 73, 169). This decrease in replicative fitness presents an 

explanatory conundrum that may be illuminated by our Affinofile data.  Our GGR 

Affinofile profiling results indicate that the average subtype C Env used CCR5 more 

efficiently than the other subtype Envs, but this was only true at low to moderate levels of 

CD4 (Fig. 4-6B, compare LL quadrants). At high levels of CD4 but lower (more 

physiologic) levels of CCR5 such as would be present on activated PBMCs (Fig. 4-6B, 
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compare UR quadrants), subtype C Envs are less efficient at entry. The difference in 

entry efficiencies between subtype C and the other subtype Envs, reflected in the UR and 

LL quadrants of their infectivity profile (Fig. 4-6B), might provide an explanatory 

framework that accounts for both the decreased replicative fitness observed in vitro (on 

activated PBMCs), and the notion that subtype C Envs must be more efficient at entry 

and/or transmission at some level. The VERSA metrics and infectivity profiles in Fig. 4-6 

quantify a genuine phenotypic difference between subtype C and other subtype Envs, and 

can serve as a reference point for future studies into their physiological correlates.  

Despite the small number of Envs examined (n=28, 7 for each subtype), these are well-

characterized reference subtype Envs, chosen carefully to represent acute/early infection 

isolates, so as to compare the "ancestral phenotypes" common to each subtype before 

disease stage-specific selective pressures come into play (Table 4-1).  

 

BNAb Resistance mutations. Our Affinofile profiling suggests that mutations in 

Env that confer resistance to at least two BNAbs come at a fitness cost.  This is perhaps 

not surprising since the mutated residues N160 and N279/280 are themselves highly 

conserved amongst HIV-1 subtypes suggesting that selective pressures are at play.  

Nevertheless, we engineered mutations into 12 Envs from 4 different subtypes, and 

observed a general trend that both the N160K (PG9/PG16)R and N279/280A (VRC01)R 

mutations decrease the mean infectivity without a significant impact on the other two 

VERSA metrics. While the (VRC01)R mutation near the CD4bs (141) was likely to affect 

entry efficiency, it was not clear that the (PG9/PG16)R mutation would. Indeed, the 
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impact on entry efficiency is much greater for the VRC01)R mutation compared to the 

(PG9/PG16)R.  It remains to be seen if resistant-mutations to the latest generation of 

BNAbs all come at a fitness cost or whether they are epitope dependent. For the first 

generation of BNAbs such as b12, 2F5, and 2G12, mutations that disrupt their epitope 

can result in Envs with subtle to no differences in entry efficiencies (170, 171). We 

recognize that our results regarding the impact of BNAb resistant-mutations on entry 

efficiency need to be confirmed and expanded with a larger set of mutants and antibodies.  

Our GGR Affinofile system provides an appropriately high throughput methodology to 

facilitate such future studies. The results from these further studies might inform the 

engineering of the most appropriate immunogen that will elicit the BNAbs that will best 

constraint the development of resistance.  

 

In sum, Affinofile profiling not only interrogates the functional plasticity of HIV-

1 Env in response to a spectrum of CD4 and CCR5 expression levels, it provides and 

distills the multi-dimensional data that captures this functional plasticity. Thus, Affinofile 

profiling may be a more sensitive method for discerning subtle but real differences in 

entry phenotypes that are not detected by other standard assays for evaluating CD4/CCR5 

usage efficiency. A database of carefully curated VERSA metrics will help standardize 

the phenotypic characteristics of Envs from multiple cohorts and facilitate future studies 

into pathophysiology associated with Env phenotypes.  We are currently creating a panel 

of GGR Affinofile cell lines that express alternate coreceptors as well as hybrid and 

mutant CCR5 that will help extend and refine such studies.   
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Figure 4-1. Generation and characterization of the GGR Affinofile Cell Line. (A) 

Schema of the tat-rev dependent Gaussia luciferase (gLuc)-GFP reporter (linked via an 

IRES sequence) vector as described in the text. The rationale for the tat-rev dependent 



85 
 

production of gluc and GFP is illustrated. (B) and (C) GGR cells were maximally 

induced with doxycline (Doxy, 4ng/ml) and ponasterone A (PonA, 4 mM) at the time of 

their seeding in 96-well plates. 16-21 hours post-seeding/induction, cells were infected 

with wt JR-CSF virus at varying multiplicities of infection (MOI). The titer of the virus 

was previously determined on stable CD4/CCR5-expressing GHOST cells. At 17, 24, 48, 

and 72 hpi, 10 ml (out of 150) of the infected cell supernatant was removed and analyzed 

for gLuc activity as per manufacturer’s instructions. Luciferase activity (measured as 

relative light units, RLU), and the corresponding signal:noise ratios at each data point are 

shown in  (B) and (C),  respectively. Mock-infected cell supernatant served as the 

background signal. Mean +/- S.D. from duplicate samples are shown. (D) and (E) GGR 

cells were induced at high (3.2ng/mL Doxy, 2 mM PonA), medium (1.6ng/mL, 1um 

PonA), and low (0.4ng/mL Doxy, .25µM PonA) levels, and infected as above with 

pseudotyped virus at an MOI of 0.25. Three days post-infection, supernatant was 

collected and analyzed for gluc expression (E), while cells from each well were 

individually processed for intracellular p24 staining (D) as described in methods.  Data 

shown is representative of two independent experiments.  
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Figure 4-2. Defining the parameters that impact on the infectivity metrics used for 

profiling the efficiency of HIV entry. (A) Infectivity of an R5-virus (BaL) monitored 

across 25 distinct combinations of CD4 and CCR5 expression levels. The normalized 

infectivity profile is shown as a 3-D bar graph with the gLuc activity obtained at the 

highest CD4 and CCR5 induction level set at 100%.  (B) This data can be transformed 

into a corresponding 3-D surface plot by fitting the infectivity profile to a continuous 

polynomial function F(x,y) as previously described (60).  The surface function F(x,y) 

describes the infectivity response of Env as a function of CD4 and CCR5 expression 
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levels,  and the resulting 3-D surface plot can be represented by three metrics that reflect 

distinct phenotypic properties of the infecting virus envelope: (i) the mean infectivity 

level (M),  (ii) the sensitivity vector angle (θ) and  (ii) amplitude (Δ). The graphical 

representations of these three metrics with respect to the 3-D surface plot are indicated in 

(B) and (C). For clarity, the operational definitions of these metrics, and what they 

measure with respect to the infectious phenotype of Env, are also indicated. These 

definitions supersede those given in Johnston et al (60) as they more accurately described 

the phenotypic properties of Env that these metrics represent. (D-F) Bal was used to 

infect GGR Affinofile cells at 5 different MOIs, each MOI across 25 distinct 

combinations of CD4 and CCR5 expression levels. Every infection condition was 

monitored at 24, 48 and 72 hpi by sampling supernatant for gLuc activity. Each infection 

data point was performed in triplicates. Raw luciferase activity values were normalized to 

that obtained at the highest CD4/CCR5 induction levels (set as 100%). Normalized data 

were then used to determine the vector angle, θ (D), vector amplitude, Δ (E), and Mean 

infectivity level, M (F) via the VERSA computational platform as described in methods.  
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Figure 4-3.  Affinofile metrics further illuminate the phenotype of well-

characterized point mutants. (A) Infectivity profile of wt JR-CSF (R5) envelope, and 

two point mutants: (B) S142N and (C) K421D, previously shown to enhance or perturb 

CCR5 usage, respectively. Data shown is a representative of two experiments. (D) Table 

of the average metrics obtained from (A-C) and graphically shown in (E). The infectivity 

profile of each Env was independently repeated twice. (E) Polar plot representing the 

metrics obtained from mathematical analysis of the infectivity profile in (A-C), using the 

VERSA program as described. The vector angle (θ ) is the angle between the x-axis and 
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the dotted line. The vector amplitude (Δ ) is represented by the length of the dotted line. 

The mean infectivity (M ) is represented by the size of the circle.  
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Figure 4-4. Affinofile metrics reflect biologically relevant differences in T cell subset 

tropism.  (A) Total PBMCs were infected with luciferase reporter pseudotypes bearing 

wt, S142N, or K421D JR-CSF envelopes. VSV-G pseudotypes were used as positive 

controls. All infections (except for VSV-G) could be inhibited by maraviroc (>95%). 
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Error bars represent ranges between two experiments. (B) and (C) CD8-depleted PBMCs 

were infected with the indicated pseudotyped viruses at an MOI of 20 (as tittered on 

Ghost-R5 cells). Three days post-infection, cells were analyzed by multi-color flow 

cytometry.  (B) Infected cells were identified by intracellular p24 staining using PE-

conjugated KC57 Mab. (C) Uninfected T-cell subset distribution is shown in grey density 

plot, while infected p24+ cells are overlaid as the red dots.  The percent of total p24+ 

cells are indicated in each quadrant. All infections could be inhibited by maraviroc 

(>90%).  It is unclear whether the small number of p24+ cells found in CD4+ T-effector 

RA+ cells (TEMRA, CCR7-CD45RO-) represents a reproducibly infectable population. (D) 

Scheme for using CCR7 (PE-Cy7) and CD45RO (FITC) to identify the following T-cell 

subsets: Naïve (CCR7+ CD45RO-), Central Memory (TCM, CCR7+ CD45RO+), Effector 

Memory (TEM, CCR7- CD45RO+), and Effector Memory RA (TEMRA, CCR7- CD45RO-

). Data shown here is a representative of two independent donors.  
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Figure 4-5.  Affinofile metrics reveal differences in CD4/CCR5 usage efficiencies 

between Transmitter/Founder (T/F) and chronic envelopes. Normalized infection 

data using T/F and chronic Env clones were analyzed using VERSA. (A) Vector angle, 
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(θ ), (B) mean infectivity (M ), and (C) vector amplitude (Δ ) values were obtained for 

each Env clone. The vector metrics were first averaged for each individual, and the 

averaged metrics from the 6 individuals in each group (T/F or chronic, N=12) were then 

compared. Each Env clone was independently profiled twice across 25 combinations of 

CD4/CCR5 levels (each data point was done in triplicates).  Thus, the metrics were 

derived from a total of 1,800 infection data points (900 data points from 6 Envs in each 

group). The median value of each metric for the T/F and chronic Env cohorts is marked 

by a line. p values were generated by the non- parametric unpaired t test (***, p=0.0003; 

*, p=0.05). (D and E) The normalized infectivity for the chronic (blue line) and T/F 

envelopes (red line) are averaged, and compared as a group at (D) low and (E) high 

levels of CCR5 expression, across varying levels of CD4 as indicated.  (F) Wedge plot of 

the average θ  and Δ  values (+/- S.D.) obtained for T/F (dark grey) versus chronic 

envelopes (light grey). (G) The infectivity profile of individual T/F and chronic Envs 

(from Fig. S3) were averaged to form their respective group profile. 2-D contour plots 

representing the averaged infectivity profiles of T/F and chronic envelopes are shown 
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Figure 4-6. HIV envelopes exhibit subtype-specific differences in CD4/CCR5 usage 

efficiencies. (A) Normalized infection data from each Subtype A, B, C and D envelope 

clones (n=28) were analyzed by VERSA. The vector metrics were averaged for at least 

two independent infections (with a variance <5%) for each envelope in each subtype 

group. Vector angle (θ ), mean infectivity (M ), and vector amplitude (Δ ) values for 

each envelope are shown as grouped by subtypes. P values were generated by the non- 



95 
 

parametric unpaired t test (p***<0.005, **p<0.05). B) 2-D contour plots of the average 

infectivity profile for each subtype, generated and color coded as in Fig. 4-5G. The 

colored dashed square boxes compare the infectivity differences noted between subtype 

C (blue) Envs and others (red) in the lower left (LL) and upper right (UR) quadrants. 

Each Env clone was independently profiled twice. (C) Polar plot of the averaged 

sensitivity vectors obtained from each subtype, generated as in Fig. 4-3E.  
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Figure 4-7. Affinofile profiling reveals that resistance to broadly neutralizing 

antibodies (BNAbs) also results in reduced entry efficiency. N160K and N279A 

mutations were engineered into a random sample of 12 subtype A-D Envs, The resultant 

(PG9/16)R and (VRC01) R resistant Envs were assayed for CD4 and CCR5 usage 

efficiency along with their parental BNAb sensitive Envs. GGR Affinofile profiling was 

performed as previously described. (A-C) 2-D contour plots of the infectivity profiles for 

WT,   (PG9/PG16)R, and  (VRC01)R Envs are shown. Contour plots are ordered from 

highest mean infectivity to lowest, from left to right. (D-E) The mean values and 

interquartile ranges of the Mean infectivity  (M ) are shown for (PG9/PG16)R or 
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(VRC01)R resistant Envs in all subtypes compared to their WT counterparts. P values 

calculated via a non-parametric paired t-test.  
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Figure 4-8. Use of Raw Luciferase Infection Data Results in Variable Vector 

Metrics. Mean infectivity and vector amplitude results. Raw luciferase infection data 

from the data set presented in Figure 2 was inputted into VERSA. 
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Figure 4-9. Isolates with different CD4 and CCR5 usage can be represented by 

distinct 3-D surface plots. GGR Affinofile cells induced to express 25 different 

combinations of CD4 and CC5 were infected with the (A) “CD4-independent” R5 

SIV316, (B) R5X4 89.6, or (C) X4 IIIB pseudotyped viruses. The SIV 316 infection 
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profile indicated that SIV 316 is much more sensitive to changes in CCR5 levels, and is 

relatively insensitive to varying CD4 levels. Conversely, the HIV IIIB infectivity profile 

indicated a phenotype that was dependent on changes in CD4, but was relatively 

insensitive to changes in CCR5. This phenotype can be attributed to the use of low levels 

of CXCR4 present on the HEK293 cells, the parental derivative of GGR Affinofile cells. 

The 89.6 virus demonstrated an infectivity profile that was equally sensitive to changes in 

CD4 and CCR5 levels.  The distinct infectivity profiles for each Env demonstrated in A-

C can be mathematically transformed into the corresponding 3-D surface plots shown in 

D-F. These three envelopes represent the diverse range of infectivity profiles that can be 

demonstrated in GGR Affinofile cells. (G) A polar plot representing the three metrics 

describing the infectivity profiles of the three viruses is shown. SIV316 has a vector 

angle closest to 90 degrees which indicates that it is much more sensitive to changes in 

CCR5 levels and is relatively insensitive to varying CD4 levels. Conversely, HIV IIIB 

has a vector angle closest to zero degrees, which indicates the reverse phenotype from 

SIV316. 89.6 has a vector angle of ~45 degrees indicating that it is equally sensitive to 

changes in CD4 and CCR5 levels. Each circle represents one independent experiment 

profiling infectivity across 25 distinct CD4/CCR5 expression levels.  
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Table 4-1: List of T/F and Chronic Envelopes 
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Table 4-2: List of  Subtype Envelopes 
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Figure 4-10. Individual GGR Plots for T/F and Chronic Envelopes. The GGR data 

for (A) Chronic and (B) T/F – derived envelopes, which are representative of at least 2 

independent experiments, were generated and plotted as described in the Materials and 

Methods. The contour plots are arranged from highest to lowest mean infectivity, from 

left to right.  

 



104 
 

 

Figure 4-11. Individual GGR Plots for Subtype Envelopes. (A-D) The GGR data for 

Subtype  A-, B-, C-, and D- derived Envs , which are representative of at least 2 

independent experiments, were generated and plotted as described in the Materials and 

Methods. The contour plots are arranged from highest to lowest mean infectivity, from 

left to right. 
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Chapter Five 
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5.1 Abstract 

 

This chapter is divided into two sections. The first section is a summary of the 

results and discussions of this dissertation. The second section describes future work, 

which focuses on the use of the GGR cell line and system in detecting HIV infection in 

patient samples.   
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5.2 Summary of Results and Discussion 

 

The review in chapter 3 highlights the usefulness of the Affinofile cell line in 

examining entry efficiency of HIV-1 Envs derived from various cohorts.  The results of 

studies, highlighted in Table 2.1, demonstrate that the Affinofile cell line can be used to 

examine entry efficiency influence on entry inhibitors, cellular tropism, and cellular 

pathogenesis. Moreover, these studies demonstrate that the Affinofile system can be used 

to reveal unappreciated nuance in entry efficiency. The usefulness of the Affinofile 

system, highlighted by the review, is the basis for creation of our high-throughput GGR 

Affinofile cell line.  

 

Chapter 4 demonstrates our improved Affinofile cell line, which we dubbed the 

GGR cell line. The GGR system provides a rapid method to characterize the CD4 and 

CCR5 usage of replication-competent or pseudotyped HIV-1 viruses. We showed that our 

GGR Affinofile cell line has a rapid response to HIV-1 infection that is characterized by 

fast induction of Gaussia luciferase expression and secretion (Figure 4-1). We 

demonstrated the utility of this system by assessing receptor and coreceptor usage 

efficiency of HIV-1 Env cohorts important to the field of HIV-1 (Figures 4-4 to 4-7).  

 

We showed that previously characterized mutants, described by previously using 

alternative assays, could be analyzed with our system to reveal unappreciated differences 
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in CD4 and CCR5 usage. Single point mutations in the Env of the laboratory strain JR-

CSF, conferred differential CD4 and CCR5 usage that could be described in greater detail 

by our 3-D column plot and sensitivity vector metrics (Figure 4-3). The utility of our 

system is underscored by the clustering of the sensitivity metrics and visual 

demonstration (visible in the 3-D column plot) of the interdependent relationship between 

CD4 and CCR5 usage, such that an increased ability to use low levels of CCR5 is 

accompanied by increased ability to use CD4, and vice versa (Figure 4-3). These results 

offer quantitative and visual confirmation that the use of a system or cell line that only 

modifies one parameter (CD4, CCR5 expression, or amount of inhibitor used) may result 

in incomplete data. Admittedly, lower resolution and/or binary assays, at times, may be 

more than sufficient; however, when the differences are subtle or atypical, these assays 

may fail to capture the entry efficiency disparities that are present.  

 

A growing body of evidence suggests that the ability to use low levels of CD4 and 

CCR5 corresponds with an increased and broader cellular tropism.  Limited experimental 

methods exist, however, to directly quantify Envs ability to use CD4 and CCR5.  A 

salient feature of our system is the ability to distill a viral Env’s ability to use receptor 

and coreceptor into three metrics.  As proof of principle, we demonstrated that the 

sensitivity metrics for the WT and single point JR-CSF mutants correlate with differential 

T-cell subset tropism infection efficiency. Specifically, infection of PBMCs with S142N 

mutation, which had an increased angle and mean infectivity, resulted in an increased and 

expanded T-cell subset that is marked by increased infection of naïve T-cells. 
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Alternatively, the K421D JR-CSF mutant had an increased angle and mean infectivity, 

which resulted in a decreased infection efficiency and tropism. The ability to use lower 

levels of CD4 and CCR5 revealed in our assay directly correlated with an expanded 

tropism. These explicit differences in the mutant’s ability to enter different T-cell subsets 

validate our system and its ability to quantify a biologically relevant phenotype (Figure 4-

4). It is important to note that it is believed that infection of central memory and/or naïve 

T-cells leads to more rapid pathogenesis of AIDS (134).  

 

Recently, attempts have been made to find differences between 

transmitted/founder (T/F) and chronic Envs, since finding a difference may reveal a 

potential target for vaccine or inhibitor design to prevent HIV transmission (3, 135, 172). 

Studies have revealed several genetic differences between T/F and chronic Envs, 

including number of N-glycosylation sites and V1/V2 loop length (33). Studies that have 

examined entry/fusion efficiency, T-cell subset infection, dendritic cell-mediated trans-

infection, and inhibition by entry inhibitors between T/F and chronic Envs, have shown 

no differences (160). However, our results indicate that T/F and chronic Env pseudotyped 

viruses have differential abilities to use CD4 and CCR5 (Figure 4-5). Despite the T/F and 

chronic Envs originating from different donors, we saw a significant difference in angle 

and amplitude. The differences in metrics indicate that T/F are less efficient at using CD4 

when compared to chronic Envs (Figure 4-5). Limited evidence suggests that T/F virus 

Envs, unlike chronic Envs, are not macrophage-tropic (70), which would indicate 

decreased entry efficiency; our data complements this observation. Additionally, several 
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studies, including those that examined differences in entry efficiency, observed that T/F 

viruses were consistently more sensitive to the CD4 binding site MAb b12 (172-174).  

Shifts in sensitivity to the b12 antibody have been shown to modulate sensitivity to 

soluble CD4. Our observation of reduced entry efficiency of T/F Envs compared to 

chronic Envs on the surface seems counterintuitive. However, our results likely reveal the 

interplay between sometimes opposing Env properties essential in forming infection in a 

new individual. This is somewhat similar to the observation that CCR5 using viruses are 

the majority of transmitting/founding viruses, despite the observation that CXCR4 using 

viruses have a higher virulence in vitro.  Moreover, these results support the rational of 

using CCR5 binding inhibitors in pre-exposure prophylactic microbicides, given are data 

indicates T/F viruses are inefficient in CCR5 usage.  Interestingly, the use of entry 

inhibitors in microbicides may prove to more cost effective, and easier to reach 

pharmacological efficacy compared to oral pre-exposure prophylaxis.  

 

In the case of our subtype studies, our GGR Affinofile system demonstrated that 

each subtype Env group had specific vector metrics, with subtype C Envs demonstrating 

a significant difference compared to the others (Figure 4-6). The specific vector metric 

clustering with subtype C Envs indicates that these Envs are less dependent on CCR5 

levels when compared to other subtype Envs. This data adds a level of complexity to the 

epidemiological data because it suggests that subtype C Envs may compromise a greater 

number of infected people, because it is less dependent on CCR5 levels, contrary to 

previously published data that examined intersubtype replicative fitness in PBMCs(38, 
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40, 169). However, our results are consistent with in vitro and in vivo monoinfection, 

studies examining chimeric Env viruses (175). It is important to note that dissimilarities 

in this and other studies may be the result of experimental differences, and possible 

differences in the Envs tested.  

 

Previous reports have explained decrease subtype C replicative fitness with the 

theory that decreased entry efficiency and replicative fitness permits a longer 

asymptomatic phase and, therefore, a greater period of transmission (40, 169). However, 

it is documented that transmission during the asymptomatic early and late phase is can be 

8–10 times less likely compared to during the acute phase (176, 177), which calls into 

question whether a longer asymptomatic phase is the reason for which subtype C 

accounts for such a high percentage of infections. Additionally, it is interesting that a 

number of circulating intersubtype forms retain the Env region of subtype C while 

containing gag or pol genes from alternative subtypes.  

 

Additionally, we have engineered single point mutations that confer resistance to 

PG9/PG16 and VRC01 into Envs of different subtypes and analyzed them using our 

GGR Affinofile system. Resistance to PG9/PG16 with the N160K mutant demonstrated a 

reproducible, albeit non-significant, decrease in entry efficiency. Additionally, the 

significant difference in entry efficiency seen with the VRC01 mutant is likely 

attributable to subtle changes in VRC01 binding motif, which is also the CD4 binding 

site (Figure 4-7) (141, 178). The results of these studies show that resistance to broadly 
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neutralizing antibodies comes at a cost to entry efficiency. We recognize that the 

engineering of resistances is an artificial system and that, under in vivo conditions, a 

decrease in entry efficiency due to resistance to BNAbs will likely be compensated for by 

substitutions in other locations in the Env that increases CD4 and CCR5 usage efficiency. 

This is fully expected, because PG9/PG16 and VRC01 were isolated from patients with 

active HIV replication, thus demonstrating that it is possible for the virus to become 

resistant while still retaining the ability to replicate. We do believe, however, that the 

results of this study indicate a window of opportunity during which proper vaccine design 

could be exploited. In summary, our results demonstrate that, with improved methods, 

demonstrated by our GGR Affinofile system, nuances in HIV entry that have gone 

unnoticed can be revealed.  
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5.3 Future Direction 

 

Although there is no cure for HIV/AIDS, there are effective treatments that permit 

managed HIV positive individuals to live normal lives. Currently, there are limited 

methods to assay for a patient’s viral response to antivirals. Moreover, these limited 

methods are very laborious, time consuming, and most importantly, only give a limited 

view of the viral strains fitness. In Figure 4-1 we show the robustness of HIV detection 

for the GGR cell line. We believe that with more optimization, the GGR cell line can be 

used to detect and examine HIV fitness in less time, and with higher sensitivity compared 

to what is commercially and publicly available.  

 

 With the lack of a vaccine for HIV, monitoring the growing population of individuals 

on anti-retrovirals is of importance. However due to the limitations of present detection 

systems, the use of the full repertoire of HIV antivirals is hindered.  Currently all HIV 

indicator cell lines use the increase production of a fluorescent protein or a (firefly) 

luciferase protein as an indication of infection. The use of only a fluorescent protein 

requires the lengthy preparation of the cells and examining of cells on a fluorescent 

detection system. Alternatively, the use of non-secreted luciferase requires careful 

attention to non-trivial matters such as complete lysis of cells before assessment of 

luciferase activity. Moreover, GFP or firefly (or even renilla) luciferase detection are 

endpoint assays, since the cells have to be fixed or lysed to assess HIV infection. 
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Additionally, because of the lack of sensitivity, viral envelopes have to be PCR from 

serum and separately pseudotyped, a laborious and time-consuming process.  

 

 Furthermore, all indicator cell lines express the receptor (CD4) and coreceptor (CCR5) 

for HIV at fixed, often over-expressed supraphysiological levels. This hinders the utility 

of those cell lines because different HIV isolates have varying capacity to use the 

receptor and therefore, its response to entry inhibitors would vary as well. Available tests 

use cell lines with over-expressed CD4 and coreceptor levels that do not represent the 

physiological amounts (receptor density) present in relevant cell types in vivo (e.g. T-

cells and macrophages) 1. This may lead to inaccurate reporting of whether a virus is 

resistant to a particular CCR5 inhibitor, which poses a danger to the patient.  

 

Preliminary data indicates that our GGR cell line can detect as low as 100 

infectious units per ml in HIV spiked serum (Figure 5-1).  The use of the Gaussia 

luciferase, which is 1000 fold brighter than the conventionally used firefly luciferase, 

provides a more sensitive method to detect HIV. Moreover, because Gaussia luciferase is 

secreted, multiple-day collection of infected supernatant may improve detection ability. 

Therefore, we will optimize the GGR system for HIV-1 virus from media and serum. 

Gaussia luciferase has the potential to not only provide greater sensitivity of detection, 

but also to provide kinetic information regarding the progression of infection, as only a 

small amount of supernatant (e.g. 10 ul) needs to be sampled at any given time point.  
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 Additionally, preliminary data indicates that the GGR cell line can be used to culture 

HIV from media or serum at varying levels of receptor and coreceptor levels (Figure 5-

2). This flexibility of applying selective pressure only at the level of CD4 and CCR5 

usage will provide invaluable tools for the research and pharmaceutical industry as they 

try to understand the evolution of viral receptor usage and the resistance to entry 

inhibitors.  

 

 In summary, we believe that our GGR cell line can be used by itself or in combination 

with other systems to provide an improved (quicker and higher sensitivity) method of 

detecting and examining clinical samples containing HIV for laboratory research, clinical 

trial monitoring, and medical diagnostic purposes.   
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Figure 5-1. GGR cells can be used to detect HIV (functional viral load) in human 

serum. A prototypical CCR5-using HIV-1 isolate (live, replication-competent JR-CSF) 

was pre-titered on R5-GHOST cells (a standard procedure). The indicated amount of 

infectious units was spiked into an equal volume of HIV-negative human serum/plasma, 

which was then transferred onto GGR cells in 96-well plates that were maximally 

induced for CD4 and CCR5 expression. 48 hours post-infection, 10 ul of the supernatant 

was collected and analyzed for Gaussia luciferase activity using standard substrates and 
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luminometry. Viral infection was performed in the presence of (1) DEAE-dextran, a 

commonly used polycationic reagent to enhance viral infection (dark grey,1st bar), (2) 

Maraviroc, a FDA approved CCR5 inhibitor (light grey, 2nd bar), and (3) Culture Medium 

alone (medium grey, 3rd bar).  Specific CCR5-mediated infection (i.e. signal could still be 

reproducibly reduced by maraviroc) could be measured at viral inoculum as low as 390-

781 I.U. Data presented is a representation of two independent experiments  
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Figure 5-2. GGR Cells can be used to propagate virus from plasma cells.  1,000 RNA 

units of HIV infected plasma was transferred onto GGR cells in a 12 well plates that were 

induced at four different CD4 and CCR5 expression levels. After a four day growth 

period, gLuc expression was assessed (Passage 1) and 1/10 of cells and supernatant were 

passaged onto freshly induced GGR cells. Four days later, gLuc expression was assessed 

again (Passage 2). Data presented is a representation of one experiment.  
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Generation of GGR Affinofile Cell Line  
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Generation of GGR Vector and GGR Affinofile cell line. 

 

We engineered the Gaussia luciferase gene upstream of the GFP reporter (linked 

via an IRES sequence) in the tat/rev dependent vector previously generated by Marsh et 

al(1). The original vector contained a tat-responsive LTR, several splice donor and 

acceptor sites from the HIV genome, and the Rev-responsive element (RRE) placed 

downstream of the GFP reporter gene such that the intact Gaussia luciferse and GFP 

reading frame is only exported in the presence of HIV Rev. Thus this vector expresses 

increased levels of Gaussia luciferase and GFP only in the presence of HIV.  

 

We then generated VSVG pseudotyped virus using the GGR vector. Concentrated 

VSVG pseudotyped GGR virus was used to transduce low passage parental Affinofile 

cell. Transduced Affinofile cells were passaged continually until basal Gaussia luciferase 

levels stabilized. To discover/ the cell clone with the best signal to noise ratio, we created 

a 96 well replicate of individual grown cells, with one plate being induced and infected 

with JRCSF virus. Supernatant was collected 24 hours post infection. Initially, 12 

individual cell clones were selected based on signal to noise ratio above 10. Those clones 

were allowed to grow (Figure A-1). Final cell clone was selected for low basal expression 

of CD4 and CCR5, best induction and signal to noise properties (Figure A-2, A-3).  Final 

clone selected was dubbed the GGR Affinofile cell line.  
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Comparison Between firefly luciferase expression and Gaussia luciferase expression 

in infected GGR Affinofile cells.  

 

To get a better understanding of how our novel GGR Affinofiles compared to 

conventional infectivity assays; we induced GGR Affinofile at medium and high 

induction 24 hours later infected with pseudotyped virus that expresses firefly luciferase 

in cells infected. 48 hour post infection cell supernatant (1/15 of total) was taken and 

assayed for Gaussia lucifease activity, in conjunction, cell lysate (1/2 of total) was 

measured for firefly luciferase activity. Compared to firefly luciferase readings, our novel 

GGR cell line demonstrated a comparable response to changes in infection due to the 

different levels of induction. One important thing to note is that firefly luciferase gave 

larger error bars compared to Gaussia luciferase, which is likely due to cumbersome 

nature of lysing cells.  

 

GGR Vector integration number determination in GGR Affinofile cell line. 

 

Alu-gag pcr was done in according to previously published protocol (2).  GGR 

Affinofile cell DNA was subjected to an initial round of pcr to amplify GGR vector 

integrated DNA using Alu and gag primers. Subsequently, a nested pcr was done on the 

previous pcr product using primers unique to the long terminal repeat region.  Results 

from both assays confirmed the presence of two integration events.  
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Figure A-1: Schematic diagram of GGR Affinofile cell line 

 

The GGR vector was packaged into a VSV-G pseudotyped lentivirus. This virus was 

subsequently used to transduce parental Affinofile cells. Transduced Affinofile cells were 

passaged continually until basal Gaussia luciferase levels stabilized.  
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Figure A-2: Signal to noise ratio of GGR clones 

Select clones were expanded and infected with a R5-tropic HIV upon full-induction of 

CD4 and CCR5. Clones with the highest signal to noise ratio upon infection are indicated 

in red. Clones with best signal to noise ratio were expanded. Sample plate 1 of 2.  
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Figure A-3: GGR Affinofile cells demonstrate independent and simultaneous 

expression of  CD4 and CCR5 

Ponasterone and doxycycline induced CD4 and CCR5 expression without affecting one 

another. Raw histogram data from a representative experiment are presented (A). 

Quantification of CD4 and CCR5 expression is shown (B and C). Data shown is from 

seven independent experiments.
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Figure A-4: Comparison between Firefly luciferase expression and Gaussia 

luciferase expression in infected GGR Affinofile cells 

GGR Affinofile cells were infected with firefly pseudotyped virus. 72 hours later cell 

supernatant was analyzed for Gaussia Luciferase activity. In conjunction, cells were lysed 

and assayed for firefly luciferase activity.  Raw luciferase values (A) and Normalized 

data are shown (B). Data is representative of four repeats  
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Figure A-5: Quantifying integrated vector copies in GGR Affinofile cells using Alu-

gag qPCR  
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GGR cells were subject to Alu-gag pcr. (A) GGR Affinofile cells were determined to 

have two integrated copies of the GGR vector. (B) The primary nested pcr product was 

ran on 1 % aagarose gel to confirm the presence of two distinct integrated vectors. 

Sample 1 pcr was done on 1st generation Affinofile genomic DNA. Sample 2 and 3 pcr 

was done on GGR Affinofiles genomic DNA. The last lane is the 1kb plus ladder 
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Interferon-Inducible Cholesterol-25-Hydroxylase Broadly Inhibits Viral Entry by 
Production of 25-Hydroxycholesterol 
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SUMMARY 

 Interferons (IFN) are essential antiviral cytokines that establish the cellular 

antiviral state through upregulation of hundreds of interferon-stimulated genes (ISGs), 

most of which have uncharacterized functions and mechanisms.  We identified 

cholesterol-25-hydroxylase (CH25H) as a broadly antiviral ISG.  CH25H converts 

cholesterol to a soluble antiviral factor, 25-hydroxycholesterol (25HC).  25HC treatment 

in cultured cells broadly inhibited growth of enveloped viruses including VSV, HSV, 

HIV, and MHV68 and acutely pathogenic EBOV, RVFV, RSSEV, and Nipah viruses 

under BSL4 conditions.  It suppressed viral growth by blocking membrane fusion 

between virus and cell.  In animal models, Ch25h-deficient mice were more susceptible 

to MHV68 lytic infection.  Moreover, administration of 25HC in humanized mice 

suppressed HIV replication and rescued T-cell depletion. Thus, our studies demonstrate a 

unique mechanism by which IFN achieves its antiviral state through the production of a 

natural oxysterol to inhibit viral entry and implicate membrane-modifying oxysterols as 

potential antiviral therapeutics. 
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INTRODUCTION 

Viruses are obligate intracellular pathogens that—despite having unique 

structures and functions--undergo lifecycle stages of entry, replication, protein synthesis, 

assembly, and egress.  Upon binding to cell surface molecules, non-enveloped virus can 

enter the cell directly while enveloped viruses undergo a fusion process that requires 

specific interactions between viral and cellular receptors and membranes.  In the cellular 

cytoplasm or the nucleus, incipient viral proteins may be sufficient to initiate early 

lifecycle processes, but full replication, transcription and translation require utilization of 

cellular factors.  The newly synthesized viral proteins and genome are coordinately 

assembled into virions, which then exit the cell by lysis or budding.   

While viruses exploit host factors to successfully replicate, the innate immune 

system inhibits viral growth by production of interferons (IFN), which are essential 

antiviral cytokines that induce wide array of antiviral effectors.  Many IFN-stimulated 

genes (ISGs) work by inhibiting particular viral lifecycle stages.  IFITM proteins block 

viral entry and ISG20, a 3’-5’ exonuclease, degrades single stranded viral RNA; PKR 

inhibits viral translation through suppression of eIF2a elongation factors and tetherin 

prevents release of virions from the cell (Degols et al., June; García et al., 2006; Neil et 
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al., 2008; Van Damme et al., 2008; Brass et al., 2009).  These ISGs exemplify only a few 

of the hundreds of confirmed ISGs; most of them are uncharacterized. 

 Cholesterol-25-hydroxylase (Ch25h) is a conserved ISG that encodes an  

endoplasmic-reticulum-associated enzyme that catalyzes oxidation of cholesterol to 25-

hydroxycholesterol (25HC)(Holmes et al., 2011).  25HC belongs to a diverse class of 

endogenous oxysterols, the oxidation products of cholesterol.  It is widely understood to 

be a soluble factor that controls sterol biosynthesis through regulation of sterol-

responsive element binding proteins (SREBP) and nuclear receptors (Kandutsch et al., 

1978; Janowski et al., 1999).  While oxysterols have unique roles in metabolism, studies 

have implicated their importance in immunity.  Macrophages and dendritic cells express 

CH25H in response to various toll-like receptor (TLR) ligands and IFN (Bauman et al., 

2009; Park and Scott, 2010).  Ch25h is a suppressor of IgA production in B-Cells and 

may promote intracellular bacterial growth (Bauman et al., 2009; Zou et al., 2011).  

Dysregulation of 25HC is associated with atherosclerosis, which is partly attributed to its 

induction of the inflammatory cytokine, IL-8 (Andrew J and Jessup, 1999; Wang et al., 

2012).  Although these studies support a conserved immunological role of Ch25h and 

25HC, their functions in the antiviral immune response remain elusive.   
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We have found that Ch25h is important for the host immune response against 

viral infection. This study explores the antiviral function of Ch25h, the mechanism of its 

viral inhibition, as well as its physiological significance during viral infections.    
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RESULTS 

 

Ch25h is an IFN-dependent Gene with Antiviral Activity 

 In a microarray analysis of IFNα and IFNγ stimulated murine bone marrow-

derived macrophages (BMMs), we found both types of IFNs induced expression of 

Ch25h within 3hrs (Fig. B-1A; accession no. GSE35825).  Gene expression analysis by 

qRT-PCR showed that Ch25h is induced by polyI:C (TLR3 agonist) in bone marrow 

derived macrophage (BMM) or dendritic cells (BMDC).  BMMs had higher induction in 

response to IFN (Fig. B-1B).  In mice infected with 5x106 pfu of VSV i.p., Ch25h was 

induced after 18 and 36h in lung, liver, and kidney, with highest induction in liver and 

kidneys (Fig. B-1C).  An RNAseq analysis showed toll-like receptor 4 (TLR4) induction 

of Ch25h was dependent on IFN receptor (IFNAR1) but independent of IL-27, a cytokine 

that mediates IFN secondary gene expression, such as IL-10 (Fig. B-1D).  This result was 

confirmed by qRT-PCR showing that Ch25h expression was induced by TLR2, 3, 4, and 

9 agonists, with highest expression induced by polyI:C (TLR3) and lipid (TLR4).  IFN 

receptor deficient (Ifnar1-/-) BMMs had abrogated Ch25h expression when treated with 

these agonists showing that Ch25h expression is IFN-dependent (Fig. B-1E).  
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 In a previous study, we performed a blinded, unbiased screen for antiviral ISGs 

against vesicular stomatitis virus co-expressing GFP (VSV-GFP) (Liu et al., 2012).  We 

co-transfected individual plasmids encoding an ISG with a plasmid encoding a red 

fluorescent protein, DsRed.  Transfection proceeded for 36h before infection with VSV-

GFP.  At 9hpi, we quantified VSV-GFP with FACs by gating on DsRed-positive 

population, which are cells that highly express the ISG (Fig1. F).  Expression of human 

CH25H inhibited VSV-GFP replication by ~89% at 9hpi (Fig1. G).  IFN activators like 

TBK1, IFIH1, and IRF1 strongly inhibited VSV as well as the RNA exonuclease, ISG20.  

To validate the antiviral effect of CH25H, we generated a doxycycline-inducible CH25H-

flag construct co-expressing a red-red mCherry (CH25H-mCherry).  Doxycycline 

addition to HEK293T expressing this construct increased CH25H-mCherry expression 

(Fig. B-2A top) and—after infection--- inhibited VSV-GFP expression compared to 

vector control in a dose-dependent manner (Fig 2A, bottom).  Taken together, CH25H 

overexpression is sufficient to inhibit VSV. 

 

Loss of function of Ch25h leads to Susceptibility to Viral Infections in vitro 

We sought to determine whether Ch25h might be a required antiviral factor.  We 

generated Ch25h stable knockdown cell lines from murine macrophage cell line, 



160 
 

RAW264.7, with two distinct shRNA sequences against Ch25h and confirmed the 

knockdown by qRT-PCR (Fig. B-2B).   Both knockdown cell lines demonstrated 

increased VSV replication compared to scramble control (Fig. B-2C).  To further validate 

these results, macrophage and B-cell lines were derived from Ch25h-deficient (Ch25h-/-) 

and matching wild-type (Ch25h+/+) mice.  In our conditions, we could not establish VSV 

infection in primary cell lines; hence we immortalized BMMs and B-cells with J2 and 

BCR-ABL oncogenic retroviruses, respectively.  Ch25h-/- J2 BMMs displayed 5-fold 

increased susceptibility to VSV infection compared to Ch25h+/+ J2 BMMs at 14hpi. In B-

cells transformed with BCR-ABL, we observed about 100 fold increase in VSV-GFP 

replication in 3 different Ch25h-/- B-Cell clones at 48hpi compared to 2 ch25h+/+ B-cell 

clones (Fig. B-2E). These results show that Ch25h may be required for host antiviral 

immunity.  

 

Ch25h produces a soluble antiviral factor that is not IFN   

In overexpression studies described in Fig. B-1, HEK293T were transfected with 

ISG plasmids and DsRed in 3:1 ratio such that DsRed-positive cells (DsRed+) should 

represent cells that highly expressed the ISG, whereas DsRed-negative (DsRed-) cells 

should represent low ISG expressers (Fig. B-3A).  IFN activators, TBK1, IFIH1, and 
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IRF1, inhibited VSV-GFP expression in both populations showing DsRed+ cells confer 

viral resistance to DsRed- through a soluble factor, which is IFN (Fig. B-3B).  In 

contrast, the cytoplasmic viral RNA exonuclease, ISG20, only inhibited VSV growth in 

DsRed+ population, but not DsRed- population.  Overexpression of CH25H also 

inhibited virus in both DsRed+ and DsRed- populations suggesting that CH25H produced 

a soluble factor that acts in trans to confer antiviral activity onto other cells.  

To determine if CH25H produced a soluble antiviral factor, we tested whether 

conditioned medium from cells overexpressing CH25H had antiviral activity.  HEK293T 

cells were transfected with vector, interferon activators (TBK1, IFIH1, and IRF1), 

CH25H, or ISG20, and the conditioned media was transferred onto freshly plated 

HEK293T cells for 8h before infection with VSV-GFP (0.01MOI). As expected, 

conditioned media from IFN activators inhibited VSV growth, but not ISG20-conditioned 

media (Fig. B-3 C).  Conditioned medium from CH25H generated ~60% VSV-GFP 

inhibition.  We have also observed similar effect in several human and murine cell lines 

including HeLa, 3T3, BHK, Veros, MDCK, and Huh751 (Fig. B-S1 A).  These results 

demonstrate that CH25H produces a soluble antiviral factor. 

 IFN induces many ISGs that positively feedback and amplify its production, 

leading to the hypothesis that the CH25H-induced soluble factor is IFN.  CH25H 
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conditioned medium, however, had no detectable IFNβ by ELISA and did not induce an 

IFN-stimulated responsive element (ISRE) luciferase reporter (Fig. B-S1 B and C).  More 

importantly, CH25H-conditioned medium inhibited VSV replication in both Ifnar1-/- 

fibroblasts and J2 BMMs.  As positive control, conditioned media from IFN activators, 

IRF1, IFIH1, and RIG-I, were unable to confer antiviral activity to Ifnar1-/- cell lines 

(Fig. B-3 E and F).  Taken together, CH25H produces a soluble factor that is not IFN and 

can confer antiviral activity independent of IFNAR.  

 

25-hydroxycholesterol (25HC), the product of CH25H, has antiviral activity 

Ch25h catalyzes oxidation of cholesterol to 25-hydroxycholesterol (25HC), a 

soluble oxysterol that acts as an autocrine and paracrine mediator (Fig. B-4 A, top).  We 

hypothesized that the soluble antiviral factor generated by CH25H is 25HC.  Treatment 

of HEK293T cells with 25HC for 8h inhibited VSV-GFP expression in a dose-dependent 

manner with IC50 of ~1µM (Fig. B-4 A, bottom).  Two other oxysterols, 22-(R)-

hydroxycholesterol (22R-HC) and 22-(S)-hydroxycholesterol (22S-HC), had no effect on 

VSV.  22R-HC is also an agonist for the nuclear hormone receptor LXR and 22S-HC is 

an inactive ligand.  Since 25HC has been implicated as a LXR agonist, these results also 
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suggest that the antiviral effect was LXR-independent.  In addition, 25HC treatment of 

Ch25h+/+ and Ch25h-/- J2 BMMs reduced VSV replication (Fig. B-4B). 

The effect of 25HC on cell viability and toxicity was also assessed.  25HC 

treatment at 10 times IC50 (10µM) did not increase LDH in supernatants of cells after 16h 

of treatment; LDH level increased only after 30-40h treatment at 40µM of 25HC (Fig. B-

S2 A and B).  Similarly, CH25H-conditioned medium did not alter cell viability as 

measured by ATP levels (Fig. B-S2 C).  Therefore, CH25H carries out its antiviral effect 

through its enzymatic product, 25HC, which has a specific antiviral effect. 

 

CH25H and 25HC are broadly antiviral 

 To determine the breadth of antiviral activity of Ch25h, we tested the effect of 

CH25H-conditioned medium and 25HC on various viruses.  For HIV, primary peripheral 

blood mononuclear cells (PBMCs) were treated with conditioned medium or oxysterol 

and subsequently infected with HIV NL4-3.  At 3dpi, CH25H- and IRF1- conditioned 

media caused ~75% reduction of HIV NL4-3 p24 expression (Fig. B-4C).  Similarly, 

25HC (1µM) inhibited p24 expression by ~80% at 3dpi compared to vehicle treatment, 

whereas 22S-HC had no effect (Fig. B-4D). CH25H-conditioned medium also inhibited 

herpes simplex virus 1 (HSV-1) by plaque assay (Fig. B-4E) and expression of Ch25h in 
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HEK293T also reduced murine gammaherpes virus (MHV68) infection by plaque assay 

(Fig. B-4F).   

HIV, HSV-1, and MHV68 are viruses that achieve chronically persistent 

infections.  To determine whether 25HC can inhibit acutely pathogenic viruses, we tested 

the effect of 25HC on live Ebola virus (EBOV, strain Zaire), Nipah virus (NiV, strain 

Bangladesh), Russian Spring-Summer Encephalitis Virus (RSSEV, strain Sofjin), and 

Rift Valley fever virus (RVFV, wild-type strain ZH501 and vaccine strain MP12) under 

BSL4 conditions.  Figures 4 G, H, I, and J show that 1µM of 25HC inhibited replication 

of these live viruses.  25HC also inhibited replication of NiV and RVFV (MP12) in a 

dose-dependent manner (Fig. B-S2 D and E).  In contrast, 25HC did not affect the growth 

of a GFP-expressing adenovirus, which is a non-enveloped virus, as measured by FACs 

(Fig. B-4K).  Taken together, Ch25h-induced 25HC has antiviral activity against several 

types of enveloped DNA and RNA viruses, while it does not affect a non-enveloped 

virus. 

 

25HC inhibits VSV entry 

 We took advantage of tools available for VSV and HIV to study the mechanism 

of CH25H inhibition on the viral lifecycle.  First, we utilized the pseudotyped VSVΔG-
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Luc reporter virus system that has the receptor-binding G gene (VSV-G) replaced with a 

luciferase reporter gene that is capable of single-round infection (Negrete et al., 2006). 

Quantification of luciferase activity is indicative of viral lifecycle processes from entry to 

protein synthesis. CH25H- and IRF1-conditioned media inhibited VSVΔG-Luc 

expression suggesting inhibition of viral replication at an early stage (Fig. B-5A).  In a 

time-of-addition experiment, longer pre-treatment times correlated with greater inhibition 

of VSVΔG-Luc expression, compared to vehicle treated controls (Fig. B-5B). These 

results suggest that 25HC does not inhibit VSV during infection or after infection has 

taken place.  Rather, it is likely that 25HC establishes an antiviral state prior to infection. 

 Since these data implicate early viral lifecycle steps may be affected, we carried 

out experiments to determine whether 25HC affects attachment (Weidner et al., 2010). 

HEK293Ts were treated for 8h with ethanol (EtOH), 25HC (1µM), CPZ (10µg/mL), an 

endocytosis inhibitor that would have no effect on binding.  To measure binding, VSV 

(1MOI) was incubated with HEK293T at 4°C for 1h to allow for binding but not cell 

entry.  After washing 3 times with cold PBS, quantification of VSV genomic RNA 

(gRNA) showed that 25HC did not inhibit viral binding significantly (P>0.05) (Fig. B-

5C).   
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 To determine if 25HC affects efficiency of fusion, we established a VSV-G β-

lactamase (βla) entry assay based on the ability of VSV-G to be pseudotyped onto viral-

like particles made from the βla-Nipah virus matrix fusion protein, herein called VSV-G-

βlaM (Wolf et al., 2009).  VSV-G mediated fusion will result in cytoplasmic delivery of 

βla-M; by addition of lipophilic fluorescent CCF2-AM substrate, the βla activity can be 

measured by the green (525nm) to blue (485nm) fluorescence shift as a result of CCF2-

AM cleavage (Zlokarnik et al., 1998).  Hence, efficiency of virus-cell fusion can be 

measured by the increase in the ratio of blue to green (blue:green) fluorescence, which is 

reflective of the βla activity associated with βlaM that was been released into the 

cytoplasm after VSV-G mediated fusion (Cavrois et al., 2002; Wolf et al., 2009). Unlike 

the VSVΔG-Luc pseudotyped virus, this VSV-G-βlaM entry assay does not require 

transcription and translation of viral proteins for reporter gene expression.  Fusion is 

proportional to βlaM concentration, which is estimated by the rate constant (k) derived 

from the slope of the reaction during the linear phase of the reaction within the first hour.   

We first demonstrated that IFN treatment of HEK293Ts could cause a dose-

dependent inhibition of viral entry by VSV-G-βlaM assay (Fig. B-5D), suggesting there 

exist ISGs that block viral entry.  To test whether CH25H may partly mediate this effect, 
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HEK293Ts were transfected with several ISGs for 48 hours and infected with VSV-G-

βlaM.  Figure B-5E showed that CH25H expression reduced efficiency of VSV fusion.  

Compared to vector control, βlaM activity from CH25H-transfected cells proceeded at 

48% of vector-transfected cell (compare rate constants in inset table) and reached a 

plateau level.  The previously described entry inhibitor, IFITM3, also reduced VSV-G-

βlaM fusion (Brass et al., 2009). Expression of ISG20, a viral RNA exonuclease, had no 

effect on viral entry. IRF1-transfected cells also inhibited fusion, presumably by up-

regulation of IFN. CH25H-conditioned medium similarly inhibited VSV-G-βlaM entry, 

with a more pronounced effect than IRF1-conditioned medium (Fig. B-5F).  Furthermore, 

treatment of 25HC at 1, 2.5, and 5µM inhibited VSV-G-βlaM activity, by 44%, 56%, and 

70%, respectively (Fig. B-5G).  These results demonstrate that CH25H, and its cognate 

product, 25HC, inhibits efficiency of virus-cell fusion. 

To delineate whether 25HC affects viral or cellular membrane, we tested how 

infectivity of the virions was affected when they were produced from 25HC treated cells. 

HEK293T cells were treated with and without 25HC (2.5µM) for 8h and infected with 

live VSV at 0.01 MOI for 1h.  Viral supernatants were purified and cleared of residual 

25HC by ultracentrifugation through a 20% sucrose cushion.  As expected, there was 

>60% reduction in the amount of VSV from 25HC treated samples versus control, as 
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measured by qRT-PCR for the number of viral genome copies (gRNA) (Fig. B-S3 A).  

To assess infectivity, we normalized viral titer from 25HC- or vehicle-treated cells based 

on gRNA.  After normalization, VSV titer from 25HC-treated cells was equivalent to the 

titer from vehicle-treated cells by plaque assay (Fig. B-S3 B).  These results show that 

25HC does not affect viral infectivity but rather, affects the cellular membrane property.  

25HC is a suppressor of SREBP2, a factor that controls sterol biosynthesis.  We  

tested the hypothesis that suppression of SREBP2 by 25HC can inhibit viral growth by 

testing whether active (cleaved) forms of SREBPs in HEK293T would overcome 25HC’s 

anti-viral effect.  Overexpression of active forms of Srebp1a, Srebp1-c, and Srebp2 in 

HEK293Ts, however, did not reverse 25HC’s antiviral effect (Supp Fig. B-S3 C).  25HC 

also suppresses many sterol biosynthetic enzymes including HMG-CoA reductase, which 

produces the key intermediate mevalonate (Pezacki et al., 2009) (Fig. B-S3 D).  We 

hypothesized that mevalonate may reverse the antiviral effect of 25HC.  Addition of 

exogenous mevalonate (300µM) to HEK293T before and during 25HC treatment, 

however, did not reverse the antiviral effect of 25HC (Fig. B-S3 E).     

25HC also may inhibit production of another intermediate isopentenyl-

pyrophosphate (Isopentyl-PP), which is substrate for prenylation of proteins mediated by 

farnesyltransferase (FTase) and geranylgeranyltransferase (GTase).  We tested the 
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hypothesis that inhibition of prenylation can inhibit VSV growth.  HEK293T were treated 

with FTase and GTase inhibitors, FTI-276 and GGTI-298 (5-20µM), and infected with 

VSV-GFP.   FTI-276 treatment had no effect on VSV, whereas GGTI-298 reduced viral 

growth at 10-20µM (Fig. B-S3 F).  GGTI-298, however, caused >10% reduction in cell 

viability by ATP content, whereas 25HC and FTI had no effect (Fig. B-S3 G).  

Furthermore, FTI-276 and GGTI-298 did not reduce VSV fusion by VSV-G-βlaM assay 

(Fig. B-S3 H and I).  Taken together, although prenylation inhibition may have some 

antiviral effect, it also inhibits cell viability and has no effect on viral entry as seen with 

25HC.  

 

Ch25h and 25HC inhibits HIV entry 

We sought to validate CH25H and 25HC antiviral mechanism on HIV, a virus 

that undergoes pH-independent entry.  In CEM cells, 25HC inhibited >50% luciferase 

expression from single round infection of pseudotyped HIV-IIIB coexpressing luciferase 

(Fig. B-6A).  AZT, an inhibitor of reverse transcription that served as positive control, 

inhibited the expression by ~70%.  Hence, 25HC inhibits HIV lifecycle prior to or at 

translation.   
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HIV initiates reverse transcription of its genomic RNA to DNA immediately after 

entry.  We examined the effect of 25HC on the production of full-length, reverse- 

transcribed DNA (lateRT).  CEM cells were infected with pseudotyped HIV-IIIB and 

lateRT was measured by qRT-PCR.  25HC inhibited lateRT expression ~70% at 6hpi 

(Fig. B-6B).  AMD3100, a HIV entry inhibitor, served as positive control and 

Elvitegravir, an inhibitor of DNA integration, was used as a negative control.  Hence, 

25HC inhibits HIV life cycle before reverse transcription. 

We next tested whether CH25H inhibits HIV growth at the level of entry.  We 

coexpressed pNL4-3 with βla-VPR fusion gene to produce virions containing βla-VPR 

(NL4-3-βla).   CEM cells treated with CH25H-conditioned medium exhibited ~65% 

reduction in viral entry compared to vector- and ISG20-conditioned medium.  AMD3100 

abrogated NL4-3-βla entry (Fig. B-6C).  We further confirmed our findings by FACs 

analysis and observed ~50% decrease in the number of cells expressing cleaved CCF2-

AM substrate (blue population) in CEM treated with Ch25h conditioned medium 

compared to control (supp. Fig. B-S4 A).  Treatment of CEM cells with 25HC (5µM) for 

24h caused ~60% decrease in NL4-3-βla blue-green ratio at endpoint (Fig. B-6D) and 

>85% reduction in cells expressing cleaved CCF2-AM by FACs analysis (Fig. B-6E).   
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Since 25HC may have diverse cellular effects, we asked whether 25HC might 

affect other HIV life cycle processes.  To assess its effect on HIV transcription, 

HEK293Ts were transfected with pNL4-3 co-expressing GFP (NL4-3-GFP) and treated 

with 25HC 4h post transfection.  NL4-3-GFP expression after 24h was not suppressed by 

FACs, suggesting that 25HC did not affect HIV transcription and translation (Fig. B-S4 

B).  Concurrently, treatment with 25HC did not reduce budding of HIV virions from 

NL4-3-GFP transfected cells as measured by p24 in the supernatants, while Nelfinavir, an 

HIV protease inhibitor that reduces subsequent budding, inhibited p24 expression by 

>50% at 24 and 48h post transfection (Fig. B-S4 C). Taken together, CH25H and 25HC 

inhibits efficiency of HIV membrane fusion and did not affect HIV transcription, 

translation, and budding processes. 

 

25HC inhibits virus-cell membrane fusion 

 While the βlaM entry assays demonstrated 25HC inhibits viral entry processes up 

to fusion, we sought to test whether 25HC actually inhibits the viral-mediated membrane 

fusion.  Since 25HC inhibited live Nipah replication (Fig. B-4H), we took advantage of 

the robust system of NiV fusion (F) and attachment (G) proteins to induce pH-

independent cell-cell membrane fusion to form syncytias.  Vero cells were transfected 
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with recombinant NiV F and G at equal ratios for 5h and refreshed with media containing 

25HC or vehicle control.  At 21h post transfection, cells were fixed and stained by 

Giemsa.  Grossly, 25HC treatment led to less syncytia formation and fewer nuclei per 

syncytia compared to control (Fig. B-6F).  In a blinded count of numbers of nuclei per 

syncytia, a standard measure of fusion, 2µM of 25HC reduced fusion by ~50% and 10µM 

by ~60% relative to control (Fig. B-6G).  These data demonstrate that 25HC modifies the 

cellular membrane to inhibit viral membrane fusion.     

 

25HC Directly Modifies Cell Membrane to Impede Viral Infection 

We further explored whether 25HC can directly change membrane property to 

inhibit fusion.  We hypothesized artificial liposomes with 7:3 

phosphatidylcholine:cholesterol ratio, which has similar in composition to cell 

membranes, would compete with the ability for 25HC to incorporate into cell membrane.  

While liposome treatment alone had no effect on viral infection in HEK293T, they 

caused a dose-dependent reversal of VSV growth inhibition by 25HC (Fig. B-6H).  As a 

positive control, we demonstrated that liposome could compete with a known viral 

membrane fusion inhibitor, LJ001, as described previously (Wolf et al., 2010).  These 

results show that 25HC directly modifies cellular membrane to inhibit viral fusion. 
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25HC reduces HIV infection in vivo 

We used HIV infection in a humanized mouse model to determine the antiviral 

effect of 25HC in vivo.  Humanized NOD-Rag1nullIl2rgnull mice (NRG-hu) were 

administered 25HC (50mg/kg) 12h prior to infection with HIV NL4-R3A by 

intraperitoneal (i.p) injection.  25HC or the vehicle, 2-hydroxypropyl-β-cyclodextrin 

(HβCD), was administered daily and the serum was collected 7dpi.  Quantification of 

HIV RNA in the serum from 2 combined experiments showed >80% reduction of HIV 

RNA (copies/mL) in 25HC-treated mice compared to vehicle-treated mice (P<0.0001) 

(Fig. B-7 A).  At termination of the experiment on 14dpi, HIV p24 was significantly 

lower in CD4 T-cells from spleens of 25HC treated mice than control (Fig. B-7 B).  

Moreover, at 10dpi, 25HC prevented HIV-mediated CD4+ T-cell depletion compared to 

vehicle control in CD3+(live T-cell) population in peripheral blood leukocytes (P<0.05); 

this effect was less significant in the spleen (P=0.06) (Fig. B-7C).  These data show that 

administration of 25HC has antiviral effect against HIV in vivo. 

 

Ch25h-deficient mice are more susceptible to viral infections 
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To determine whether Ch25h has a physiological role in host defense against viral 

infection, we tested whether Ch25h-/- mice had increased susceptibility to infection when 

compared to matching wild-type mice (Ch25h+/+).  Since Ch25h expression inhibited 

MHV68 in vitro, we used MHV68 coexpressing luciferase (MHV68-Luc) to infect mice 

so that viral lytic growth kinetics could be measured in real time by bioluminescence. 

Eight-week old female Ch25h+/+ and Ch25h-/- mice (N=4 in each group) were infected 

with 500pfu of MHV68-Luc i.p. and imaged every day after 3dpi.  Average and maximal 

luminescence intensities from ventral, right, left, and dorsal side of every mouse were 

measured.  We observed significantly higher MHV68-Luc activity in Ch25h-/- mice over 

Ch25h+/+ mice starting 5 dpi and maximal differences between day 7 and 8 (Fig. B-7 D 

and E). MHV68-Luc activity began to wane in both groups by 9dpi with higher activity 

in Ch25h-/- mice.  To validate the imaging results, Ch25h-/- spleens had approximately 

~3.5 fold higher MHV68 genomic DNA than spleens of Ch25h+/+ mice at 10dpi (Fig. B-

7 F and G).  These results show that Ch25h is a physiologically important antiviral factor. 

 

DISCUSSION 

We have identified the antiviral activity of an IFN-inducible gene, CH25H, 

through a systematic, functional screen.  Distinct from known IFN-mediated antiviral 



175 
 

mechanisms, CH25H inhibits growth of a wide range of enveloped viruses by production 

of a soluble oxysterol, 25-hydroxycholesterol.  It also exemplifies the only soluble 

antiviral ISG that is not IFN itself.  Independent of its known regulatory effect on 

metabolism, 25HC impairs viral entry at the virus-cell fusion step by inducing cellular 

membrane changes.  In animal models, administration of 25HC reduces HIV infection in 

humanized mice.  Moreover, the immune response against viral infections requires 

Ch25h in vivo.  These findings illustrate an essential function of Ch25h in immunity. 

This study shows an unappreciated relationship between the host IFN response 

and an oxysterol.  While antiviral effects of some oxysterols have been documented 

(Moog et al., 1998; Pezacki et al., 2009), we have found 25HC broadly inhibits viral 

membrane fusion, which is not specific to particular structural classes of fusion proteins.  

For example, HIV and Ebola have class-I fusion peptides, RVFV and RSSEV use class-II 

peptides, whereas VSV and HSV belong to class III (Kielian and Rey, 2006; Vaney and 

Rey, 2011).  25HC is also antiviral against viruses that undergo either pH-dependent or 

pH-independent fusion as exemplified by VSV and HIV, respectively.  These findings 

suggest that 25HC affects a more basic fusion process involving the viral and cellular 

membrane.   
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Since 25HC can permeate through membranes, it likely modifies cellular 

membranes to exert its antiviral effect.  Our study showed that artificial liposomes similar 

to cell membranes in composition reduce antiviral activity of 25HC, suggesting they take 

up 25HC.  In support of this finding, prior literature showed that 25HC increased cellular 

cholesterol accessibility by directly mobilizing cholesterol from membranes and 

prevented cholesterol’s condensing effects on membrane (Lange et al., 1995; Olsen et al., 

2011).   In artificial membranes, 25HC altered solvent exposure of phospholipid head 

groups (Gale et al., 2009).  One model suggested that while membrane cholesterol orients 

in parallel to adjacent acyl chains, 25HC adopts a tilted position in the membrane because 

of its hydroxyl group and may lead to membrane expansion.  We also hypothesize that 

the hydrophilic interactions of the hydroxyl groups of 25HC lead to aggregation in the 

membrane.  These perturbations could affect viral-cellular fusion, which is fundamentally 

dependent on membrane properties such as spacing of lipid head groups, receptor 

accessibility, membrane curvature, and fluidity (Pécheur et al., 1998; Teissier and 

Pécheur, 2007).  Studies on viral entry have predominantly focused on viral fusion 

components and their interactions with specific cellular receptors.  How membrane 

properties modulate viral fusion remains the subject of further research. 
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Our data suggest viral entry is a point of viral growth inhibition by CH25H and 

25HC under the conditions described, which are generally 8-16h pre-treatment with 1-

10µM of 25HC in standard growth medium.  Given the expanding role of oxysterol 

functions, other antiviral mechanisms may exist and manifest with different conditions or 

viruses.  Of note, overexpression of CH25H caused more pronounced inhibition of live 

VSV-GFP replication than VSV-G-βlaM fusion, about ~85% and ~51% respectively.  

However, in CH25H-conditioned-medium- or 25HC- treated cells, the reduction was 

comparable, ranging about 55-70%.  One interpretation is that the CH25H protein may 

have addition antiviral mechanisms to 25HC, perhaps through its association with the 

endoplasmic reticulum.  These results encourage further study into other antiviral 

mechanisms of CH25H and 25HC.  

This study provides further understanding to the intricate connection of IFN and 

metabolism.  Although 25HC has been associated with pathological conditions like 

atherosclerosis and Alzheimer’s disease, our study show it plays a beneficial role in host 

immunity against viral infections. These results encourage the exploration of antiviral 

oxysterols or cellular membrane modifiers as viral entry inhibitors against acute 

infections. 
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MATERIALS AND METHODS 

Cell and Reagents are detailed in Supplemental Methods 

 

VSV, HSV, MHV68, HIV Viral Infection  

 HEK293T and RAW264.7 were infected with VSV-GFP at 0.01 MOI for 1h and 

the media was changed with fresh media.  For J2 BMMs and BCR-ABL B-cells, 1MOI 

VSV-GFP was used.  Approximately 150µL of supernatants were collected at various 

times between 8-16hpi for plaque assay. For HSV and MHV68, 0.25MOI was used for 

infection and supernatants were collected at 24hpi. Titers were measured by standard 

plaque assays.  Detail conditions and HIV infection in hPBMCs are described in 

Supplemental Methods. 

 

Ebola, RSSEV, Nipah and RVFV Infections 

 HeLa cells were pre-treated with 25HC (1µM) or EtOH containing medium for 

indicated times prior to infection with 0.1MOI of Ebola-Zaire-GFP (EBOV) or RVFV 

(wild type strain ZH501 or vaccine strain MP12), Nipah virus (Bangladesh), or RSSEV 

(Sofjin). Cell culture supernatant pooled from biological triplicates at indicated time 
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points, prior virus titration by plaque assay.  Titers were measured by standard plaque 

assays (Supp. Methods). 

 

VSV-G-βlaM Infection 

 VSV-G-βlaM was produced as previously described and detailed in Supp. 

Methods (Wolf et al., 2009).  HEK293Ts were treated with 25HC and EtOH as before 

and infected with VSV-G-βlaM at the empirically determined concentration for 1h.  Cells 

were washed and CCF2-AM was added according to manufacture’s protocol 

(Invitrogen). 

 

NL4-3 VPR-βlaM Infection of CEM cells 

CEMs cells were treated with 25HC or EtOH for a minimum of six hours and AMD3100 

(20µM) for 15 minutes before infection with concentrated NL4-3 βlaM or bald virus. 

Infections were spin inoculated for 60 minutes at 2,000RPM, and incubated for 2 hours at 

37C. After washing, CCF2-AM (Invitrogen) was added according to manufacture’s 

protocol. Kinetic readings were taken for 4 hours. After the kinetic reading, the cells were 

washed with FACs Buffer, fixed with 2 % paraformaldehyde, and examined by FACs. 

Data was analyzed using FlowJo (Tree Star Inc.).   
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Nipah Fusion Assay and Liposome Competition Assay 

 Vero cells were plated in 6-well dish at 5x105 per well overnight and transfected 

with 0.5µg of expression plasmids encoding Nipah F and G in OptiMEM (Invitrogen).  

At 5h post transfection, media was changed to DMEM (10%FBS) with or without 25HC.  

The cells were fixed by methanol 21h after transfection for 10min, Giemsa stained for 2h, 

and decolorized with 95% ethanol.  Nuclei inside syncytia were counted under light 

microscopy.  Syncytia were defined as four or more nuclei within a common cell 

membrane.  Relative fusion was defined by normalizing the number of nuclei per 

syncytia formed under the experimental conditions to that formed by in vehicle (ethanol) 

treated cells, which was set at 100%.  Liposome competition assay are described in detail 

in Supplemental Methods. 

 

HIV infection in NRG-hu mice  

NOD-Rag1nullIl2rgnull (NRG-hu) mice with stable human leukocyte reconstitution 

were administered 25HC (50mg/kg) or the vehicle control (HΒCD) by i.p. injection for 

12h before infection with HIV NL4-R3A (5ng of p24/mouse) or mock supernatant by 

intravenously injection (i.v.).  Mice were administered equal amount of 25HC or HΒCD 
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every day. HIV replication (genome copy/ml in the plasma) was measured by qRT-PCR 

or by p24 intracellular staining  (Supp. Methods). All animals were housed and treated in 

accordance with protocols approved by the institutional care and use committee for 

animal research at the University of North Carolina. 

 

Mouse Infections and Bioluminescence Imaging 

C57BL/6 and Ch25h-/- mice were purchased from Jackson Labs. MHV68 (500 

pfu) in 200µL of PBS was administered by i.p. After 3dpi, mice were imaged every day 

(IVIS, Xenogen) (Supp. Methods). At 9dpi, mice were euthanized the spleens were 

extracted and homogenized in DMEM.  Total DNA was extracted using DNeasy Blood & 

Tissue Kit (Qiagen) and MHV68 DNA was quantified by qRT-PCR.  All animals were 

housed and treated in accordance with protocols approved by the institutional care and 

Animal Research Committed at UCLA. 

 

Statistics  

 For comparison of different experimental conditions at one time point, student’s t-

test with unpaired, 2-tailed hypothesis was used.  For kinetic assays, two-way ANOVA 

with repeated measures was used.   
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Figure B-1. Ch25h is an IFN-dependent Antiviral ISG 

 

A) Gene expression profile of BMMs treated for 2.5 h with IFNα and IFNγ at 62 

U/mL and 1 U/mL, respectively.  IFNα-stimulated genes that were 3-fold 

higher than induction of IFNγ stimulated genes were categorized as IFNα-

specific (green triangles) and vice versa for IFNγ-specific genes (blue 

squares).  

B) Ch25h expression was measured by qRT-PCR in BMMs and BMDCs after 

IFN (2000U/mL) or polyI:C (1ug/mL) treatment for 4h.   

C) Ch25h expression quantified by qRT-PCR from tissues of uninfected (ui) and 

VSV-infected C57B/6 mice collected at indicated times. 

D) Wildtype, Ifnar1--/-, and Il-27r-/- BMMs were treated with lipid A (100ng/mL) 

or saline control for 4h and 12h. Ch25h expression values are presented as 

RKPM values. 

E) Ch25h gene expression measured by qRT-PCR of Ifnar1+/+ and Ifnar1-/- 

BMMs stimulated with TLR agonists, Pam-3-Cys (100ng/mL), 

polyI:C(25ug/mL), lipid(10ng/mL), CpG-B(100µM) for 4 hours. Mean±SD 
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F) HEK293T was co-transfected with fluorescent red marker (DsRed) and with 

individual plasmids encoding human TBK1, CH25H, or vector for 36h and 

infected with VSV-GFP (0.01MOI) for 9h.  Representative contour plots are 

shown. 

G) As described in Part E, VSV-GFP was quantified in the DsRed-positive 

population normalized to vector control.  VSV-GFP was defined as the 

product of %GFP-positive and geometric mean of the fluorescence index 

(MFI).  Mean±SEM; *P<0.001 
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Figure B-2. Ch25h-deficiency increases susceptibility to viral infection in vitro  

A) HEK293T was transfected with doxycycline-inducible vector or CH25H-flag 

constructs that co-express red fluorescent mCherry for 24h and doxycycline 

was added for 12h at indicated concentrations. Expression of CH25H-flag was 
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confirmed by western blot (upper panel).  After treatment, cells were infected 

with VSV-GFP (0.01MOI) for 9hrs and VSV-GFP was quantified by (%GFP+ 

X GeoMean MFI).  Dots represent percent positive mCherry (lower panel).   

B) RAW264.7 stably knocked down with shRNA against Ch25h were generated 

by retro-viral infection.  Two shRNA constructs were made (shCh25h-A and 

shCh25h-B) along with scramble control.  Knockdown was confirmed by 

qRT-PCR. Mean±SD, *P<0.01 

C) shCh25h-A, shCh25hB, and scrambled stable RAW264.7 were infected with 

VSV-GFP (0.1 MOI) and the VSV-GFP was measured by plaque assay 14hpi. 

Mean±SEM, *P<0.01. 

D) J2 BMM were derived from Ch25h+/+ and Ch25h-/- mice and passed for 2 

weeks.  The cells were infected VSV-GFP (0.1MOI) and viral titers 14hpi in 

the supernatants was quantified by plaque assay. Mean±SD *P<0.01 

E) Individual clonal populations of BCR-ABL transformed B-cells from 

Ch25h+/+ and Ch25h-/- mice were infected with VSV-GFP (0.1MOI) in 

biological triplicates and the viral titers were measured by plaque assay at 

indicated times. Mean±SD *P<0.01 
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Figure B-3. CH25H produces a soluble antiviral factor that is not IFN (see also Fig. B-

S1) 
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A) HEK293Ts were co-transfected with ISGs and DsRed as Fig. B-1D.  

Schematic of FACs analyses of VSV-GFP in total, DsRed+, and DsRed- 

populations.  VSV-GFP was defined as %GFP+ X geometric MFI.  

B) HEK293T transfected with DsRed and indicated expression plasmids were 

infected with VSV-GFP and measured as described in Fig. B-3A. 

Mean±SEM. 

C) Media collected from HEK293T after 48h transfection with indicated 

expression vector was treated on to freshly plated HEK293T for 8h and 

infected with VSV-GFP (0.01MOI) for 9h.  VSV-GFP was quantified as 

described in Fig 3A. Representative histogram of FACs data (right). 

Mean±SEM, *P<0.01 

D) Ifnar1-/- tail-derived fibroblasts were treated for 12h with conditioned-medium 

of HEK293T cells transfected with indicated expression vector.  The 

fibroblasts were infected with VSV-GFP (0.1 MOI) and the viral titer in the 

supernatant was measured by plaque assay. Mean±SEM, *P<0.05 

E) Ifnar1-/- derived J2 BMMs were treated for 12h with conditioned-medium of 

HEK293T cells transfected with indicated expression vector.  J2 BMMs were 
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infected with VSV-GFP (0.1 MOI) and the viral titer in the supernatant at 

14hpi was quantified by plaque assay. Mean±SEM, *P<0.05 
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Figure B-4. CH25H produces 25-hydroxycholesterol, a broadly antiviral oxysterol. (see 

also Fig. B-S2) 

A) CH25H converts cholesterol to 25-hydroxycholesterol (25HC, top).  

HEK293T was treated with 22(S)-, 22(R)-, or 25- hydroxycholesterol and the 

vehicle, ethanol (EtOH) for 8h with indicated concentrations and infected with 

VSV-GFP.  VSV-GFP was quantified at 8hpi as described in Fig. B-3A. 

Mean±SEM. 

B) Ch25h+/+ and Ch25h-/- J2 BMMs were treated with 25HC(1µM) or EtOH and 

infected with VSV-GFP (0.01MOI).  VSV-GFP was quantified by FACs at 

12hpi. Mean±SD; *P<0.02 

C) Costimulated PBMC were pre-incubated for 24h in conditioned media before 

infection with HIV NL4-3.  At 3dpi, p24 in triplicate samples were quantified 

by ELISA. Mean±SEM; *P<0.001 

D) Costimulated PBMC (1x106) were pre-incubated for 24h in 22(S)-HC (1µM), 

25HC(1µM), and vehicle (EtOH) containing media before infection with HIV 

NL4-3 in triplicates (30ng of HIV strain NL4-3).  At 3dpi, p24 was quantified 

by ELISA. Mean±SEM; *P<0.001 
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E) HEK293T was treated with indicated conditioned media for 12h and infected 

with HSV (0.25MOI) for 24h.  HSV titer in the supernatant was quantified by 

plaque assay. Mean±SEM; *P<0.001 

F) HEK293Ts were transfected with indicated expression plasmids and infected 

with MHV68 (0.2MOI) for 24h.  MHV68 titer in the supernatant was 

quantified by plaque assay. Mean±SEM; *P<0.001 

G) HeLa cells were pretreated with 25HC (1µM) or EtOH containing media for 

5h and infected with Ebola Zaire-GFP (EBOV) at 0.1MOI.  At indicated time 

points, supernatants from biological triplicates were combined and measured 

by plaque assay. 

H) HeLa cells were pretreated with media containing indicated concentrations of 

25HC or EtOH for 18h and infected with Nipah virus at 0.1MOI. At indicated 

time points, supernatants from biological triplicates were combined and 

measured by plaque assay. 

I) HeLa cells were pretreated as in Fig. B-4H and infected with RSSEV at 

0.1MOI. At indicated time points, supernatants from biological triplicates 

were combined and measured by plaque assay. 
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J) HeLa cells were pretreated with media containing indicated concentrations of 

25HC or EtOH for 5h and infected with wildtype Rift Valley Fever Virus 

ZH501 (RVFV) at 0.1MOI.  Viral titer at indicated time points was measured 

by plaque assay. Values represent means of samples from triplicates. 

K) HEK293T were treated with EtOH, 22S-HC, and 25HC for 12h and infected 

with adenovirus-GFP and VSV-GFP and quantified by FACs (%GFP+ X 

Geometric MFI).  Mean±SEM; *P<0.001 
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Figure B-5. 25HC inhibits VSV Entry. (see also Fig. B-S3) 

A) HEK293Ts were treated with conditioned media for 12h and infected with 

VSV-G pseudovirus encoding VSVΔG luciferase (VSVΔG-Luc-G).  The cell 

lysates were collected at indicated times and measured for luciferase activity. 

Mean±SEM, *P<0.001. 
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B) HEK293T were treated with 25HC (5µM) at different times relative to the 

VSVΔG-Luc-G infection.  For time 0, VSVΔG-Luc-G and 25HC were added 

together to the cells for 1h.  Negative numbers indicate addition of 25HC 

before infection; positive number indicates addition after infection. Relative 

Light Units (RLU) is represented as Mean±SD *P<0.01 

C) HEK293T were treated with respective agonists for 8h in triplicates.  VSV 

was bound to cells at 4ºC, washed 3 times with PBS, and let sit for 30min 

before total RNA collection.  VSV genomic RNA was quantified by qRT-

PCR Mean±SEM; *P<0.05 

D) HEK293T were treated with pan-IFN for 12hours at indicated concentrations 

and infected with VSV-G-βlaM in triplicates. βlaM activity was measured by 

CCF2-AM cleavage. Mean±SEM, *P<0.05, **P<0.01. 

E) HEK293T was transfected with indicated expression plasmids for 24h and 

infected with pseudovirus with encoding NipahM-β-lactamase inside VSV-G 

(VSV-G-βlaM) for 1.5h.  βla activity was measured by blue:green ratio of the 

cleaved CCF2-AM.  The rate constant (k) (table, inset) estimated from the 
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slope of the reactions in the bracketed time interval measures relative fusion. 

*P<0.05, **P<0.01. 

F) HEK293T was treated with indicated conditioned media for 12h and infected 

with VSV-G-βlaM.  Analysis was same as part D. *P<0.05, **P<0.01. 

G) HEK293T was treated with indicated concentration of 22(S)-HC, 25HC, and 

equivalent volume of vehicle (EtOH) for 12h and infected with VSV-G-βlaM. 

Analysis was same as part D. *P<0.05, **P<0.01. 
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Figure B-6. 25HC inhibits HIV Entry and Viral-Cellular Membrane Fusion (see also Fig. 

B-S4) 

A) CEM cells were treated as indicated for 12h and underwent single-round 

infection with HIV-IIIB coexpressing luciferase.  Cell lysates were collected 

after 24h and measured for luciferase activity. Relative Light Units (RLU) is 

represented as Mean±SD. *P<0.05 

B) CEM cells were treated with elvitegravir (10µM), AMD3100(10µM), 25HC 

(1µM), and vehicle (EtOH) for 12h and infected with HIV III-B pseudovirus.  

At 6 hpi, HIV full-length late reverse transcript (LateRT) was quantified by 

qRT-PCR with Taqman probe and normalized to mitochondrial DNA. 

Mean±SD, P≤0.05. 

C) CEM cells were treated with indicated conditioned media or AMD3100 for 8h 

and infected with HIV NL4-3 encoding Vpr-βlaM (NL4-3/βlaM) in 

duplicates. βla activity was measured by cleavage of CCF2-AM by 

fluorescence plate reader. Mean±SD, *P≤0.01. 

D) Similar to Part C. CEM cells were treated with indicated 25HC(5µM) and 

vehicle (EtOH) for 12h and infected with HIV NL4-3/βlaM. 
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E) After kinetic assay in Fig. B-6D, % cleaved CCF2-AM (blue) population 

(485nm) was confirmed by FACs. 

F) Vero cells were transfected with Nipah F and G receptors.  5h after 

transfection, the cells were treated with indicated conditions.  The cells were 

fixed 21h after transfection and Giemsa stained. 

G) Syncytias were defined by the presence of 4 or more nuclei in a common cell 

membrane.  Relative fusion was determined by normalizing the number of 

nuclei per syncytia under the experimental conditions to the vehicle (ethanol) 

treated group, set to 100%. Mean±SEM, P<0.0001 

H) HEK293T was incubated with 25HC (1µM) for 12h and varying 

concentrations of PC:cholesterol (7:3) liposomes for 30min before infection 

with VSV-GFP.  As positive control, VSV-GFP was treated with LJ001, a 

known entry inhibitor, for 10 min prior to infection (Wolf et al., 2009) (See 

Supp. methods).  VSV-GFP was quantified by FACs as described in Fig. B-

3A, Mean±SEM. 
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Figure B-7. 25HC inhibits HIV replication and Ch25h is required for antiviral immunity 

in vivo 

A) 25HC (50mg/kg) or vehicle (HβCD) was administered 12h before HIV NL4-3 

infection in humanized mice (NRG-hu).  Treatment was administered daily 

after infection.  Viral titer in serum was measured by qRT-PCR 7dpi.  Results 

are combined from 2 experiments. ***P<0.001. 

B) Spleens from NRG-hu mice were harvested 14dpi and quantified by FACs 

after HIV p24 intracellular staining. *P<0.05 

C) Percent CD4+ T-cells was compared by FACs in 25HC and EtOH treated 

group.  Representative FACs plots are shown (right). *P<0.05 

D) Ch25h+/+ and Ch25h-/- mice were infected with MHV68-Luc (500pfu) and the 

amount of infection was quantified everyday by bioluminescence imaging.  

Average intensities (photons/sec/cm2/steradian) from ventral, right, left, and 

dorsal sides were measured for all mice. Mean±SEM, *P<0.05 by student’s t-

test at indicated time point. 

E) Similar to Fig. B-7D, maximum intensities (photons/sec/cm2/steradian) were 

averaged. Mean±SEM, *P<0.05 by student’s t-test at indicated times. 
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F) MHV68 genomic DNA from Ch25h+/+ and Ch25h-/- infected mice 9dpi was 

quantified by qRT-PCR and normalized to a genomic promoter of Ccl2 gene. 

*P<0.01 

G) Bioluminescent images of Ch25h+/+ and Ch25h-/- mice 9dpi.  

 

SUPPLEMENTAL DATA  
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Figure B-S1 (related to Figure B-3) 
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A. Indicated cell lines were treated for 8-12h with conditioned media from 

HEK293T transfected with indicated expression vectors.  They were infected 

with VSV at 0.01MOI for 9-14h, depending on the cell line.  VSV-GFP was 

quantified by FACs (%GFP+ X Geometric MFI) and normalized to VSV-GFP 

in cell treated with vector-conditioned media. Mean±SEM. 

B. HEK293T was transfected with indicated expression vector and IFNβ-

luciferase reporter.  Luciferase activity was measured after 16h. RLU-relative 

light units. Mean±SEM 

C. IFNβ ELISA of conditioned media from HEK293T transfected with indicated 

expression vectors after 24h. 
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Figure. B-S2 (related to Figure B-4)  
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A. HEK293T were treated with increasing amount of 25HC and LDH values was 

measured after 16h. Mean±SD. 

B. HEK293T were treated with increasing amount of 25HC and LDH was measured 

after 30 and 48h. Mean±SD  

C. HEK293T was treated with indicated condition media for 16h.  Cell viability was 

measured by quantitation of ATP present in the cell by luminescent substrate. 

Mean±SD 

D. HeLa cells were pretreated with media containing indicated concentrations of 

25HC or EtOH for 18h and infected with RVFV (MP12 vaccine strain) at 

0.1MOI.  Viral titer at indicated time points was measured by plaque assay. 

Values represent means of samples from triplicates. 

E. HeLa cells were pretreated with media containing indicated concentrations of 

25HC or EtOH for 18h and infected with Nipah virus (Bangladesh strain) at 

0.1MOI.  Viral titer at indicated time points was measured by plaque assay. 

Values represent means of samples from triplicates. 
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Figure. B-S3 (related to Figure B-5) 

A. HEK293T were treated with 25HC (2.5µM) and vehicle (EtOH) for 8h and 

infected with VSV-GFP at 0.01 MOI.  The cells were treated against with 25HC 

after infection.  Supernatants were collected 24hpi and virus was concentrated by 

centrifugation.  For a part of the concentrated virus, VSV genomic RNA (gRNA) 

was quantified by qRT-PCR. Mean±SEM. 

B. Concentrated virus from part A was normalized based on VSV gRNA and 

standard plaque assay was performed. Mean±SEM 

C. HEK293T were transfected with mature form of SREBP1a, SREBP1c, and 

SREBP2 for 24 and treated with 25HC for 12h.  The cells were infected with 

VSV-GFP(0.01MOI) and quantified by FACs. Mean±SEM 

D. Schematic of sterol synthesis and isopentyl-PP pathway.  25HC inhibit several 

enzymes within the pathway (purple): HMG-CoA Reductase (HMGCR1), 3-

hydroxy-3-methylglutaryl-CoA synthase (HMGCS1), sterol-C4-methyl oxidase 

(SC4MOL), squalene epoxidase  (SQLE), acetyl-CoA acetyltransferase (ACAT), 

farnesyl-diphosphate farnesyltransferase (FDFT), isopentenyl-diphosphate 
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isomerase (IDI1).  Two inhibitors of prenylation FTI-276 and GGTI-298 used are 

also shown. 

E. HEK293Ts were treated 25HC, mevalonic acid (300uM), or both for 12h and 

infected with VSV-GFP (0.01MOI).  VSV-GFP was quantified by FACs at 9hpi. 

Mean±SEM 

F. HEK293T was treated as indicated for 12h and infected with VSV-GFP 

(0.01MOI). VSV-GFP was quantified by FACs at 9hpi. 

G. Cytotoxicity of treatments in part. C were measured by ATP content and 

normalized to respective control (DMSO for GGTI-298 and FTI-276, EtOH for 

25HC). Mean±SEM, *P<0.05 

H. HEK293T were treated with FTI-276 at indicated concentration and respective 

concentrations for 12h and infected with VSV-G-βlaM . β-lactamase activity was 

measured by blue:green ratio of the cleaved CCF2-AM. Mean±SEM. 

I. HEK293T were treated with GGTI-298 at indicated concentration and respective 

concentrations for 12h and infected with VSV-G-βlaM . β-lactamase activity was 

measured by blue:green ratio of the cleaved CCF2-AM. Mean±SEM. 
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Figure. B-S4 (related to Figure B-6) 

 

A. CEM cells were treated with indicated conditioned media for 8h and spin-infected 

with HIV NL4-3 encoding Vpr-ΒlaM  (NL4-3/ΒlaM ) in duplicates for 2h.  

CCF2-AM substrate was added and βla activity was measured for 4h at room 

temperature as shown in Fig 6.C.  After the kinetic read, CCF2-AM cleavage was 

confirmed by FACs with gating on percentage cells expressing cleaved form of 

CCF2AM (blue, 485nm).  

B. HEK293T were transfected with proviral plasmid of HIV coexpressing GFP and 

treated with indicated agonists 6h after transfection. HIV-GFP was quantified by 

FACs after 48h. Mean±SEM. 

C. Viral supernatants from part A were collected after 48h and p24 was quantified by 

ELISA. Mean±SD. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Cells and Reagents 

RAW264.7 (ATCC), Veros, HeLa, 3T3, BHK, MDCK, Huh751, and HEK293T 

cells were grown in standard DMEM with 10% FBS, 1% Penicillin/Streptomycin 

(GIBCO). CEM cells were cultured in RPMI media supplemented with 10% fetal calf 

serum (Hyclone) and 1 % Pen/Strep (Invitrogen).  Dr. Glen Barber (University of Miami, 

Florida) provided VSV-GFP.  MHV68-Luc was provided by Dr. Ren Sun in MIMG in 

UCLA.  Luciferase activity was measured using firefly luciferase substrate kit (Promega). 

LDH Assay and ATP cell viability (Promega) were done on cells treated with Ch25h-

conditioned media and 25HC according to manufacturer’s instructions.  FTI276 and 

GGTI-298 (Sigma) were used at 5-20µM, consistent with published doses of prenylation 

inhibition(Wilson et al., 1998; Liu et al., 2012; Miller et al., 2012). 

Expression plasmids were obtained from Genecopoeia, Inc.  Doxycycline 

inducible expression system was purchased from Clonetec.  SREBP2 expression 

plasmids were gifts from Dr. Elizabeth Tarling and Dr. Peter Edwards (UCLA).    

SREBP1 expression plasmids were gifts from Dr. Steven Bensinger (UCLA).  
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Primary cells and cell lines  

Bone marrow was harvested from 6-8 week C57B/L6 mice  (Jackson Labs) and 

differentiated in DMEM+10%FBS for 7 days with 10ng/mL of M-CSF or GM-CSF for 

macrophage (BMM) or dendritic cells (BMDC), respectively.  On day 6 the media was 

replaced and on day 7 the cells were stimulated with IFNα or IFNγ (PBL Interferon 

Source).  The cells were treated for 2.5 hours and harvested in Trizol (Invitrogen).  The 

RNA was isolated by isopropanol precipitation for microarray analyses. For J2 

immortalized macrophages, bone marrow was infected with J2 retrovirus.  A retrovirus 

expressing v-raf and c-myc expressing cell line was established (called GG2EE) and 

grown in RPMI (10mM Hepes ph7.8, 10%FBS, 1% Pen/strep). Virus containing 

supernatant was harvested and filtered through 0.45µM filter(Palleroni et al., 1991).  For 

BCR-ABL transformed B-cells were derived by infecting bone marrow with BCR-ABL 

retrovirus as described previously(Scherle et al., 1990).  Stable knockdown in RAW264.7 

were generated using pSiren shRNA knockdown system (Clonetec) according to the 

published protocol.  Knockdown primers sequences are available by request.  Tail-

derived fibroblasts were derived by skinning the tails of mice and incubating them 
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directly in culture dishes in DMEM 10%FBS.  Cells were scraped and re-plated after 7 

days. 

Human peripheral blood mononuclear cells (PBMC) were obtained from the 

UCLA Virology Core. These cells were cultured in RPMI Medium 1640 (Invitrogen) 

containing 10% FBS, 100 units/ml of Penicillin + 100 µg/ml of Streptomycin (Pen/Strep, 

Invitrogen), and 20 units/ml of interleukin-2 (Roche). PBMC were costimulated for 3 

days with plate-bound anti-CD3 and soluble anti-CD28 antibodies as previously 

described(Korin and Zack, 1999). 

 

VSV Screening and Flow-cytometry: 

HEK293T cells were plated 12 wells on collagen coated plates 0.5mg/mL rat-tail 

collagen I (BD Biosciences) in PBS.  Individual ISGs expression plasmid was transfected 

with DsRed construct (Clontech) at 3:1 ratio Fugene 6 (Roche) transfection reagents.  

After 36 hours, the cells were infected as described above.  At 9hpi, cells were collected 

in 2% paraformaldehyde solution in PBS.  FACs was done with standard compensation 

(FACSCaliber, BDBiosciences) and the data was analyzed using CellQuest 

(BDBiosciences). 
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VSV, HSV, and MHV68 Viral Plaque Assay  

 HEK293T and RAW264.7 were infected with VSV-GFP at 0.01 MOI for 1h and 

the media was changed with fresh media.  For J2 BMMs and BCR-ABL B-cells, 1MOI 

VSV-GFP was used.  Approximately 150uL of supernatants were collected at various 

timepoints between 8-16hpi for plaque assay. For HSV and MHV68, 0.25MOI was used 

for infection and supernatants were collected at 24hpi. Plaque Assays were done on Vero 

cells in 12-well plates at 2x105 and 2x104 cells per well for VSV and MHV68 plaque 

assay, respectively.  Supernatants from infected cells were serially diluted and infected on 

Veros for 1hr.  The cells were then covered with growth medium containing 0.6% low-

melting point agarose.  Plaques stained with crystal violet 0.5% (m/v) in 20% ethanol 

(v/v) and were counted after 16hrs or 6 days for VSV and MHV68, respectively.  

 

Ebola, Nipah, RVFV, RSSEV Plaque Assay 

Plaque Assays were performed on Vero cells (for EBOV, Nipah, and RVFV) in 

12-well plates or BHK-SA cells (for RSSEV) in 6 well plates. Cells were infected for 1hr 

at 37ºC with serial 10-fold dilutions of supernatant aliquots from infected cells. The cells 

were then overlain with growth medium containing 0.6% methyl cellulose (for EBOV, 
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Nipah, and RVFV) or 0.5% tragacanth gum (for RSSEV). After 3 days (RVFV, Nipah), 4 

days (RSSEV) and 10 days (EBOV), cells were fixed with 10% buffered formalin, 

stained with crystal violet and plaques counted. All work involving EBOV, Nipah, 

RSSEV and wild-type RVFV, were performed at the Robert E. Shope BSL-4 laboratory 

at UTMB. 

 

HIV Infections in hPBMCs 

Costimulated PBMC were pre-incubated for 24h at a density of 3x106 cells/ml in 

conditioned media before infection with HIV. Infections were set-up in 200 µl volumes 

of conditioned media containing 106 cells, 30 ng of HIV strain NL4-3 (as determined by 

p24 antigen ELISA [Beckman Coulter]), and 10  µg/ml of polybrene. The mixture was 

incubated for 2h at 37oC on a rocking platform. Following infection, cells were washed 

twice with media and then split into triplicate 2ml cultures in conditioned media, each 

containing 3.3x105 cells. At various post-infection timepoints, 100 µl of cell-free 

supernatant was removed and added to 2% Triton-x-100 in PBS for storage at 4oC before 

quantitation of p24 concentration by ELISA.  
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VSV Screening and Flow-cytometry: 

HEK293T cells were plated 12 wells on collagen coated plates 0.5mg/mL rat-tail 

collagen I (BD Biosciences) in PBS.  Individual ISGs expression plasmid was transfected 

with DsRed construct (Clontech) at 3:1 ratio Fugene 6 (Roche) transfection reagents.  

After 36 hours, the cells were infected as described above.  At 9hpi, cells were collected 

in 2% paraformaldehyde solution in PBS.  FACs was done with standard compensation 

(FACSCaliber, BDBiosciences) and the data was analyzed using CellQuest 

(BDBiosciences). 

  

VSV-G pseudotyped VSV-G Luciferase pseudovirus production 

 VSV-G pseudotyped VSV-G luciferase pseudovirus (VSVΔG-Luc/G) was 

generated by methods previously described(Takada et al., 1997) and concentrated by 

ultracentifugation on 20% sucrose cushion.  The VLPs were resuspended in NTE buffer 

(100 mM NaCl; 10 mM Tris–HCl, pH 7.5; 1 mM EDTA) and stored in -80C. The 

concentrations used to generate linear range of luciferase signal were determined 

empirically. 

 

VSV-G/ΒlaM  Production 
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 A previously described construct encoding Nipah-M1 fusion with β-lactamase 

(ΒlaM ) was used to package inside VSV-G(Wolf et al., 2009).  HEK293Ts were 

transfected with constructs encoding ΒlaM  and VSV-G or ΒlaM  alone (bald) at 3:1 ratio 

in 10cm dishes by PEI transfection reagent.   The viral supernatants were collected, 

clarified, and concentrated by ultracentrifugation at >75,000g on 20% sucrose cushion, 

 

HIV IIIB pseudotyped virus production 

HIV-IIIB pseudovirus were made of HIV-IIIB envelope on a NL4-3 backbone 

coexpressing luciferase (pNL4-3.Luc.-R-E).  Plasmids were obtained through the NIH 

AIDS and Research and Reference Reagent Program. Pseudovirus were generated by 

cotransfection of 293T cells with envelope deleted LucRE- vector and envelope 

expressing vector at a 3:1 µg ratio with Bioline Bio T transfection reagent. 72 hours post 

transfection viral supernatant was collected, clarified by low speed centrifugation and 

stored at -80c. The number of infectious virus particles was determined by serial dilution 

assay on Ghost HI-X4 cells, cells that express GFP controlled by a HIV LTR promoter. 

Briefly, 4 X 104 Ghost HI-X4 cells were seeded into a 48 well dish. 24 hour later, cells 

are infected with 2 fold serially diluted pseudovirions. 48 hours later, cells were collected 

and the percentage of positive cells were determined using FACs.  
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CEM Infection with pseudotyped IIIB Virus  

CEMs cells were treated with 25HC, 22HC or EtOH for a minimum of six hours. Prior to 

infection previously untreated cells were incubated with AMD3100, AZT, Elvitegravir or 

Nelfinavir at a concentration of 10uM to 20uM for a minimum of 15 minutes.  IIIB 

pseudovirus was used to infect treated and untreated CEM cells at 0.1MOI. Infections 

were spin inoculated for 60 minutes at 2,000RPM, at 37C.   After spin inoculation, cells 

were transferred into a 37C incubator. 48 hours post infection cells were lysed with 1% 

triton-X 100 and assayed for luciferase activity. P24 Assay was done in with 

PerkinElmer’s HIV-1 P24 Elisa kit (NEK050B). Accompanied protocol was followed.    

 

Generation of VPR-ΒlaM  Fusion Gene  

VPR-ΒlaM  was generated by overlapping pcr and cloned into PCDNA3.1. VPR was 

amplified from SG3∆.  Catalytically optimized beta lactamase described previously in 

(cite) was amplified with primers (3,4).  The two pcr products were used in the 

overlapping pcr using primers (1,4) to generate VPR-ΒlaM . VPR-ΒlaM  pcr product was 

cloned into pcdna3.1 expression vector previously cut with BamHI and XhoI using the 

Infusion system (CloneTech).  
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NL4-3 VPR-ΒlaM  Virus Production 

NL4-3 VPR-ΒlaM  was produced in according to the methods outlined 

previously(Cavrois et al., 2002). Briefly, 2 µg of VPR ΒlaM , 1µg of padvantage 

(Promega) and 8 µg of NL4-3 were cotransfected into 293Ts in 10cm plate with PEI 

reagent.  48 hours post transfection viral supernatant was collected, clarified by low 

speed centrifugation, and concentrated on 20% sucrose cushion.  VLPs were resuspended 

in small volume of NTE and stored at -80c.  

 

Liposome Competition Experiment with 25HC and LJ001 

 Recombinant unilamillar liposomes with a composition of 7:3 

phosphatidylcholine:cholesterol (Encapsula Inc.) was added to HEK293T with or without 

25HC (1uM) for 8h.  Cells were washed with PBS and infected with VSV-GFP for 1h 

and quantified by FACs at 9hpi.  LJ001 treatment was described previously (Wolf et al., 

2010).  Briefly, LJ001 was mixed with liposomes and VSV-GFP for 10min prior to 

infection because it intercalates into viral membrane to inhibit fusion. 
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PCR 

 Cells were collected in trizol and RNA was isolated by standard isopropanol 

precipitation. RNA was quantitated and 1 µg of RNA was reversed transcribed using 

IScript (BioRad) according to the manufacturer's instructions with either random 

hexamer as primers. Q-PCR analysis was done using the iCycler thermocycler (Bio-Rad). 

Q-PCR was conducted in a final volume of 20 µL containing: Native Taq polymerase 

(Invitrogen), 1× Taq buffer (Stratagene), 125 µM dNTP, SYBR Green I (Molecular 

Probes), and Fluoroscein (Bio-Rad), and 1% cDNA.  Amplification conditions were: 

95°C (3 min), 40 cycles of 95°C (20 s), 55°C (30 s), 72°C (20 s).  Expression values were 

normalized to L32 control and fold induction was normalized to untreated control.qRT-

PCR of Ch25h was done with primers: Ch25h fwd: 5’-TGCTACAACGGTTCGGAGC-

3’. Ch25h rev: 5’-AGAAGCCCACGTAAGTGATGAT-3’. L32 fwd: 5’-

AAGCGAAACTGGCGGAAAC-3’; L32 rev: 5’-TAACCGATGTTGGGCATCAG-3’.  

For detection of VSV genomic RNA, cells infected with VSV was collected in 

Trizol and RNA was isolated and reverse transcribed with VSV specific primer N1-5’ 

GATAGTACCGGAGGATTGACGACTA using Superscript II (Invitrogen) according to 

manufacturer’s protocol.  Real time PCR with Taqman probe with conditions described 

above.  VSV fwd: 5′-GATAGTACCGGAGGATTGACGACTA-3′; VSV rev: 5′-
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TCAAACCATCCGAGCCATTC-3; VSV Probe: 5’ (FAM)-

TGCACCGCCACAAGGCAGAGA-(TAMRA)-3’. 

CEM cells were infected with HIV IIIB expressing GFP and or Luciferase.  After 

spinoculation, the cells were collected at indicated time and total DNA was extracted 

with DNAeasy Blood &Tissue Kit (Qiagen).  Full length LateRT was measured by 

Taqman qRT-PCR as described previously (Butler et al., 2001) and normalized to 

mitochondrial DNA.  Primers used: late RT forward: 5'-TGTGTGCCCGTCTGTTGTGT-

3'; late RT reverse: 5'-GAGTCCTGCGTCGAGAGAGC-3';    

late RT probe, 5'-(FAM)-CAGTGGCGCCCGAACAGGGA-(TAMRA)-3'; 

Mitochondrial forward primer, 5'-ACCCACTCCCTCTTAGCCAATATT-3'; 

mitochondrial reverse primer, 5'-GTAGGGCTAGGCCCACCG-3' 

 

RNA isolation and RNAseq of Bone Marrow Derived Macrophage Stimulation  

5x105  BMMs from  wildtype (C57BL/6), IFNAR-deficient and IL-27R 

(TCCR/WSX-1) deficient mice were stimulated with Lipid A (100ng/mL) or saline 

control for 4hr and 12hr, respectively.  Cells were harvested in Trizol (Invitrogen) and 

RNA was isolated via chloroform extraction.  
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Prior to cDNA library construction for RNA-Seq analyses, RNA was quantified 

and assessed for quality (RNA Integrity Value) using an Agilent 2100 Bioanalyzer (Santa 

Clara, CA).  1ug of RNA per condition was used for library construction using TruSeq 

SBS Kit v3 (FC-401-3001) according to the manufacturers guidelines (Illumina, San 

Diego, CA). Multiplex Sequence Analysis was performed using a Illumina HiSeq2000 

Single End 100bp read parameters according to the manufacturers guidelines 

(www.illumina.com). Sequencing was performed by the Southern California Genotyping 

Consortium (SCGC) in the Epigenetics and Genetics Core at UCLA. Sequence reads 

from each cDNA library (100 bp, single-read) were trimmed to 80 bp long and mapped 

onto the mouse genome build NCBI37/mm9 using Bowtie (bowtie-0.12.1, http://bowtie-

bio.sourceforge.net/index.shtml) with setting ‘-v 2 -k 11 -m 10 -t–best–strata’. The 

mappable data were then processed by the ERANGE v. 3.3 RNA-seq analysis 

program(Mortazavi et al., 2008). Assuming total transcriptional activity is comparable 

between different cell types, the obtained data (data units in RPKM, reads per kilobase 

exon model per million mapped reads) were first log2 transformed and linearly 

normalized between individual samples, then averaged among biological replicates or 

triplicates. At the same time, in order to find genes that were changed in expression 

between two populations to a statistically significant degree, ERANGE processed data 
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were analyzed by the Bioconductor DEGseq program (Wang et al., 2010) 

(http://www.bioconductor.org/packages/2.6/bioc/html/DEGseq.html) (data units in RPM, 

reads per million mapped reads, method = “MARS,” p < 0.001).  Data is presented using 

RPKM values. 

 

 

HIV infection in NRG-hu mice 

We used an HIV molecular clone with a highly pathogenic dual tropic envelope, R3A in 

NL4-3 Backbone for infection. HIV-1 viral stocks were produced in 293T cells, and 

titered on Hela-CD4-LTR-gal cells (NIH AIDS Research and Reference Reagent 

Program, Division of AIDS, NIAID). NRG-hu mice with stable human leukocyte 

reconstitution were administered 50mg/kg of 25HC or the vehicle control (2-

hydroxypropyl)-β-cyclodextrin (HΒCD) intraperitonial (i.p.) injection for 12h before 

infection with HIV NL4-R3A at 5ng of p24/mouse by intravenously injection (i.v.).  

Mice were administered 50mg/kg of 25HC or HΒCD control every day.  NRG-hu mice 

infected with mock supernatant were included as control groups.  RNA was extracted by 

Qiagen RNA extraction mini plus kit(Cat#52904) and HIV replication (genome copy/ml 

in the plasma) was measured using TaqMan One step RT PCR Master Mix Reagents Kit 
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from Roche (Cat # 4309169). Intracellular staining and FACs analysis were done as 

previously described (Zhang et al., 2011). 

 

Mouse Infections and Bioluminescence Imaging 

 C57BL/6 and ch25h-/- mice were purchased from Jackson. Mice were first 

anaesthetized by intraperitoneal (i.p.) injection with 200 mg/kg ketamine, 4 mg/kg 

xylazine in PBS.   MHV68 (500 pfu) in 200uL of PBS was administered by i.p. and 

shaved.  On days 3 following infection, mice were imaged using the in vivo imaging 

system (IVIS, Xenogen). Briefly, mice were anesthetized with isoflurane and 

administered 3mg D-luciferin/mouse by intraperitoneal injection prior to imaging. 

Grayscale photographs and color images of imaged mice were superimposed with 

LivingImage (Xenogen) and Igor (Wavemetrics) programs, similar to that previously 

described.  The mice were imaged on dorsal, ventral, right, and left side until the 

maximal luminescence has passed.  The peak intensity of average and maximum photon 

flux value was measured for each mouse at every angle and expressed as 

photons/sec/cm2/steradian.  These values were averaged for each group of mice.  
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ABSTRACT
BR-derived HIV-1 strains have an exceptional ability to
enter macrophages via mechanisms involving their
gp120 Env that remain incompletely understood. Here,
we used cell-based affinity-profiling methods and math-
ematical modeling to generate quantitative VERSA met-
rics that simultaneously measure Env-CD4 and Env-
CCR5 interactions. These metrics were analyzed to dis-
tinguish the phenotypes of M-tropic and non-M-tropic
CCR5-using HIV-1 variants derived from autopsy BRs
and LNs, respectively. We show that highly M-tropic
Env variants derived from brain can be defined by two
distinct and simultaneously occurring phenotypes. First,
BR-derived Envs demonstrated an enhanced ability to
interact with CD4 compared with LN-derived Envs, per-
mitting entry into cells expressing scant levels of CD4.
Second, BR-derived Envs displayed an altered mecha-
nism of engagement between CD4-bound gp120 and
CCR5 occurring in tandem. With the use of epitope
mapping, mutagenesis, and structural studies, we
show that this altered mechanism is characterized by
increased exposure of CD4-induced epitopes in gp120
and by a more critical interaction between BR-derived
Envs and the CCR5 N-terminus, which was associated
with the predicted presence of additional atomic con-
tacts formed at the gp120-CCR5 N-terminus interface.
Our results suggest that BR-derived HIV-1 variants with
highly efficient macrophage entry adopt conformations

in gp120 that simultaneously alter the way in which the
Env interacts with CD4 and CCR5. J. Leukoc. Biol. 93:
000–000; 2013.

Introduction
HIV-1 establishes infection in the CNS, causes HIV-1-associated
neurological disorders in infected subjects, and presents a bar-
rier to effectively treating HIV-1 infection [1, 2]. Microglia and
perivascular macrophages are target cells for HIV-1 replication
in the brain [1, 3]. They are less susceptible to the cytopathic
effects of HIV-1 than activated CD4! T cells [4, 5], so they
may continue to shed virus for the duration of their normal
lifespan. As most antiretroviral therapies have poor CNS pene-
tration [6], the brain is a significant reservoir for viral persis-
tence within macrophage-lineage cells.

The genetic evolution of HIV-1 within the CNS is distinct
from that in lymphoid tissues and other organs [7–20]. Spe-
cific sequences within the viral Env, particularly the gp120 V3
region, have been associated with CNS infection [12, 13, 19,
21–26], although no conserved genetic signature sequence has
been identified. The genetic compartmentalization of viral
variants in the CNS, which has been shown recently to occur
very early in HIV-1 infection [16], suggests that adaptive
changes may occur in response to unique constraints of the
CNS microenvironment, such as different target cell popula-
tions and immune-selection pressures.

The HIV-1 Env is organized into trimers on virions and con-
sists of the gp120 surface and gp41 transmembrane subunits.
HIV-1 entry into cells is initiated by a high-affinity interaction
between gp120 and CD4 [27], which induces a conformational
change in gp120 that exposes the binding site for a chemo-
kine coreceptor, either CCR5 or CXCR4 [28, 29]. Current
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models of gp120 binding to coreceptor suggest that the gp120
V3-loop tip interacts principally with the coreceptor ECL2 re-
gion, whereas the V3-loop stem and the gp120 bridging sheet,
which is formed among the C1, C2, and C4 domains of gp120
after CD4 binding, interact with the coreceptor N-terminus
[30–33]. The V3-loop of gp120 is the primary determinant of
coreceptor specificity [34, 35]. Whereas the coreceptor N-termi-
nus and ECL2 region appear to be important for gp120-corecep-
tor binding, the ECL1 and ECL3 regions may also influence co-
receptor function of CCR5 and CXCR4 [36–38]. The interaction
of CD4-bound gp120 with coreceptor induces additional confor-
mational changes in gp120, which leads to a structural rearrange-
ment in gp41 that enables fusion and virus entry.

The tropism of HIV-1 for particular target cell populations
in different tissue compartments is influenced by the corecep-
tor used by HIV-1 Env for virus entry [3, 39, 40]. Macrophage-
tropic HIV-1 primarily uses CCR5 (R5) as a coreceptor [41–
43], whereas T cell line tropic viruses use CXCR4 (X4) [44].
Dual-tropic viruses can use both coreceptors (R5X4) [45, 46].
Thus, the coreceptor specificity of primary HIV-1 isolates is
frequently, but incorrectly, used to define cellular tropism. For
example, R5 viruses are often collectively grouped as M-tropic
viral strains [40]. However, several studies have demonstrated
the presence of non-M-tropic R5 viruses, which were replication-
competent in primary CD4! T cells but could not productively
infect MDMs [10, 47–51]. Thus, there is a notable distinction be-
tween HIV-1 tropism and coreceptor use [40, 52, 53]; whereas
most M-tropic viruses use CCR5 for HIV-1 entry, not all R5 vi-
ruses are M-tropic [40, 53, 54].

In fact, recent studies have shown that M-tropism is rela-
tively rare among R5 HIV-1 variants isolated from blood and
lymphoid tissues but that most R5 viruses isolated from the
CNS are highly M-tropic [10, 15, 49–51, 55–58]. However, M-
tropic R5 variants can be detected in blood of some subjects
with advanced infection [47, 48, 59]. The CNS, therefore, se-
lects for viral variants that have characteristics favorable for
efficient entry into macrophage-lineage cells or facilitates their
evolution via a unique microenvironment that may involve re-
duced immune surveillance and low anti-HIV-1-neutralizing
antibody concentrations.

The mechanisms underlying the efficient macrophage entry
of BR-derived HIV-1 variants are incompletely understood. Sev-
eral studies have shown that the gp120 Env glycoproteins of
CNS-derived viruses have conformational alterations within the
CD4-binding domain that increase the efficiency of the inter-
action between gp120 and CD4, thus permitting these variants
to scavenge relatively low levels of CD4 expressed on the sur-
face of macrophages and microglia [15, 49, 50, 55–58, 60–64].
Other studies have shown that certain BR-derived variants have
Env glycoproteins that exhibit increased affinity for CCR5
[11]. Moreover, our recent studies have shown that efficient
CCR5-mediated HIV-1 entry of certain blood-derived variants
into macrophages involves an altered mechanism of Env-CCR5
engagement, characterized by reduced dependence of Env on
the CCR5 N-terminus and increased dependence on the CCR5
ECL2 region [65, 66].

In the present study, we used an innovative and highly
quantitative HIV-1 receptor affinity-profiling system and mathe-

matical modeling combined with epitope mapping studies,
mutagenesis, and structural modeling to more completely un-
derstand the virus–cell interactions underlying efficient macro-
phage entry by BR-derived HIV-1 Env variants. We show that
highly M-tropic HIV-1 variants derived from the brain have
alterations in the way their Env glycoproteins engage CD4 and
CCR5, characterized by a highly efficient interaction between
gp120 and CD4 occurring in tandem with a modified mecha-
nism of engagement between CD4-bound gp120 and CCR5.
Our findings more completely define the macrophage-tropic
phenotype of HIV-1 variants derived from the brain.

MATERIALS AND METHODS

Cells
293T cells, JC53 cells [67], and NP2-CD4 cells [68] were cultured in
DMEM supplemented with 10% (vol/vol) FCS and 100 !g penicillin and
streptomycin/ml. The dually inducible 293-Affinofile cell line [69], in
which expression of CD4 and CCR5 can be induced and regulated by the
addition of minocycline or ponA, respectively, was maintained in DMEM
supplemented with 10% (vol/vol) FCS, 100 !g penicillin and streptomy-
cin/ml, 50 !g blasticidin/ml, and 200 !g G418/ml. PBMCs were purified
from blood of healthy HIV-1-negative donors by density gradient centrifu-
gation, stimulated with 10 !g PHA (Sigma, St. Louis, MO, USA)/ml for 3
days, and cultured in RPMI-1640 medium, supplemented with 10% (vol/
vol) FCS, 100 !g penicillin and streptomycin/ml, and 20 U IL-2 (Roche,
Basel, Switzerland)/ml. Monocytes were purified from PBMC by plastic ad-
herence and allowed to differentiate into MDM by culturing for 5 days in
IMEM, supplemented with 10% (vol/vol) pooled AB! human sera, 100 !g
penicillin and streptomycin/ml, and 12.5 ng M-CSF/ml.

HIV-1 Env plasmids
This study characterized six Envs cloned from HIV-1 viruses isolated from
autopsy brain of three subjects who died from AIDS (subjects Macs2,
Macs3, and UK1), as well as six Envs cloned from HIV-1 viruses isolated
from autopsy LN of two of the same subjects (subjects Macs2 and Macs3;
LN-derived Envs from UK1 were not available). The subjects, including
their clinical and neuropathological details, have been described previously
[10, 11]. The Env clones used were Macs2-BR-2, Macs2-BR-8, Macs3-BR-1,
Macs3-BR-8, UK1-BR-2, UK1-BR-10, Macs2-LN-2, Macs2-LN-3, Macs2-LN-5,
Macs2-LN-6, Macs3-LN-8, and Macs3-LN-9. JR-CSF and YU2 Envs were in-
cluded as controls. All of the Envs are cloned into the pSVIII-Env mamma-
lian expression vector [70] and have been described previously [25, 26].

Production and quantitation of Env-pseudotyped
luciferase reporter viruses
Env-pseudotyped, luciferase reporter viruses were produced by transfection
of 293T cells with pCMV"P1"envpA, pHIV-1Luc, and pSVIII-Env plasmids
using Lipofectamine 2000 (Invitrogen, Life Technologies, Grand Island,
NY, USA) at a ratio of 1:3:1, as described previously [71–73]. Supernatants
were harvested 48 h later, filtered through 0.45 !m filters, and stored at
#80°C. The TCID50 of virus stocks was determined by titration in JC53
cells [67], as described previously [25, 74, 75].

Single-round HIV-1 entry assays
For single-round entry assays using JC53 cells, 293-Affinofile cell popula-
tions, or NP2-CD4 cells expressing WT or mutant CCR5 coreceptors, 2 $
104 cells cultured in 96-well plates, were inoculated with 200 TCID50 of
Env-pseudotyped luciferase reporter virus (equating to a MOI of 0.01) in a
volume of 100 !l for 12 h at 37°C. The cells were washed twice with cul-
ture medium to remove residual inoculum and incubated for a further
60 h at 37°C. For single-round entry assays using MDM, cell monolayers,
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which were !90% confluent in 48-well tissue-culture plates, were inocu-
lated with 1500 TCID50 of Env-pseudotyped luciferase reporter virus in a
volume of 300 !l for 12 h at 37°C. The MDMs were then washed twice with
culture medium to remove residual inoculum and incubated for a further
96 h at 37°C. For single-round entry assays in PBMC, 2 " 105 cells were
inoculated with 2000 TCID50 of Env-pseudotyped luciferase reporter virus
in a volume of 200 !l for 12 h at 37°C. The cells were then washed twice
with culture medium to remove residual inoculum and incubated a further
72 h at 37°C. In all cell types, the level of HIV-1 entry was measured by lu-
ciferase activity in cell lysates (Promega, Madison, WI, USA), according to
the manufacturer’s protocol. Luminescence was measured using a
FLUOStar Optima microplate reader (BMG Labtech GmbH, Germany).
Negative controls included mock-infected cells that were incubated with
culture medium instead of virus, and cells inoculated with luciferase re-
porter virus pseudotyped with the nonfunctional #KS Env [76].

Affinofile cell assays and quantitative vector analysis
Infection of 293-Affinofile cells with Env-pseudotyped luciferase reporter
viruses was performed as described previously [69]. Briefly, 48 populations
of cells expressing different combinations of CD4 and CCR5 levels were
generated by inducing the cells with twofold serial dilutions of minocycline
(0.156–5.0 ng/ml, resulting in six induction levels of CD4 increasing lin-
early from 750 to 95,000 CD4 molecules/cell) and ponA (0.0156–2.0 !M,
resulting in eight induction levels of CCR5 increasing linearly from 3500 to
110,000 CCR5 molecules/cell). CD4 and CCR5 concentrations were deter-
mined by quantitative flow cytometry (quantitative FACS), as described pre-
viously [69, 77]. The induced cell populations were then inoculated with
equivalent amounts of Env-pseudotyped reporter virus and analyzed for
levels of HIV-1 entry as described above. The relative level of virus entry
achieved by each Env tested was expressed as a percentage of that achieved
in 293-Affinofile cells expressing the highest concentrations of CD4 and
CCR5. The robustness of the 293-Affinofile assay for measuring alterations
in CD4 and CCR5 dependence was validated using a CD4-independent vi-
rus (SIV 316), which was highly sensitivity to alterations in the expression
levels of CCR5 but not CD4, and with a CXCR4 using virus (IIIB), which
was highly sensitivity to alterations in the expression levels of CD4 but not
CCR5 (data not shown). After normalization of the virus entry data, the
relative dependence of Env-pseudotyped reporter viruses on CD4 and
CCR5 expression levels was mathematically modeled using the VERSA com-
putational platform (http://versa.biomath.ucla.edu), as described previ-
ously [69, 78]. With the use of this model, viral infectivity is quantified us-
ing a single vector. The vector magnitude and mean induction reflect the
efficiency of virus entry, and the vector angle represents the relative depen-
dence on CD4 or CCR5. The mathematical derivation of these metrics has
been described in detail previously [69] and is summarized in Supplemen-
tal Fig. 1. In theoretical extremes, viruses that have the greatest possible
sensitivity to alterations in CD4 expression but are unaffected by alterations
in CCR5 expression have a vector angle of 0°, and conversely, viruses that
have the greatest possible sensitivity to alterations in CCR5 expression but
are unaffected by alterations in CD4 expression have a vector angle of 90°.

gp120-binding assays
293T cells were transfected with Env expression plasmids using Lipo-
fectamine 2000 (Invitrogen, Life Technologies), according to the manufac-
turer’s protocol, and stained for surface gp120 expression using pooled
polyclonal HIV$ sera BB10, as described previously [66, 72]. Approxi-
mately 2 " 105 293T cells transfected with each Env expression plasmid
were used in binding reactions. In binding reactions with the Env mAb 17b
[79–82], cells were preincubated in FACS buffer [PBS containing 10%
(vol/vol) FCS and 0.05% (wt/vol) sodium azide], with or without 20 !g
sCD4/ml (Progenics Pharmaceuticals, Tarrytown, NY, USA) for 1 h at
room temperature. Cells were then washed twice with 200 !l FACS buffer
and resuspended in 50 !l FACS buffer containing 10 !g 17b [79–84]/ml.
This concentration was empirically determined to be within the linear
range of binding [66]. Following incubation for 1 h at room temperature,

cells were washed twice with 200 !l FACS buffer and resuspended in 50 !l
FACS buffer containing a 1:200 dilution of FITC-conjugated anti-human
IgG F(Ab)2 fragment (Millipore, Billerica, MA, USA). Cells were incubated
for 1 h at room temperature, prior to being washed twice with 200 !l FACS
buffer and resuspended in 150 !l PBS containing 4% (wt/vol) PFA and
analyzed by flow cytometry as described previously [85].

HIV-1 neutralization/inhibition assays
The ability of the Env mAb b12 or sCD4 to neutralize/inhibit the infectiv-
ity of Env-pseudotyped luciferase reporter viruses was assayed using JC53
cells. Two hundred TCID50 of each Env-pseudotyped luciferase reporter
virus (equating to a MOI of 0.01) were incubated with tenfold-increasing
concentrations of b12 (0.0005–50 !g/ml) or sCD4 (Progenics Pharmaceuti-
cals; 0.001–100 !g/ml) for 45 min at 37°C. The virus-inhibitor mixtures
were then used to inoculate JC53 cells for 12 h at 37°C. Cells were rinsed
twice with culture medium to remove residual virus inoculum and incu-
bated a further 60 h at 37°C. Virus infectivity was then measured by assay-
ing luciferase activity in cell lysates (Promega), according to the manufac-
turer’s protocol. Negative controls included mock-infected cells that were
incubated with culture medium instead of virus. After subtracting back-
ground luciferase activity, the amount of luciferase activity in the presence
of antibody or inhibitor was expressed as a percentage of the amount pro-
duced in control cultures containing no antibody or inhibitor. The percent
inhibition was calculated by subtracting this number from 100. Data were
fitted with a nonlinear function, and IC50 values were calculated by least
squares regression analysis of inhibition curves, as described previously [11,
48, 72, 86].

gp120 structural modeling
3D protein structures of BR- and LN-derived gp120 sequences were pre-
pared using the Discovery Studio suite, version 3.0 (Accelrys, San Diego,
CA, USA), as we have described previously [65, 66, 75, 87]. The crystal
structure of YU2 gp120 bound to CD4, and mAb 17b [88] was used as a
template to generate homology models of Macs2-LN-2 and Macs2-BR-2
gp120 sequences. The interface between gp120 and CD4 or 17b was
mapped to atoms predicted to be within 4 Å of the ligand. PNGS were
identified by the amino acid sequon “NXS or T”, where X does not equal a
proline residue. The crystal structure of CD4-bound YU2 gp120 containing
the V3-variable loop and docked with the NMR structure of an N-terminal
peptide of CCR5 (residues 2–15; kindly provided by Peter D. Kwong [89])
was used as a template to generate homology models of BR-derived
(Macs2-BR-2, UK1-BR-10) and LN-derived (Macs2-LN-2) gp120 se-
quences. Harmonic restraints were applied prior to optimization using
the steepest descent protocol, which incorporates iterative cycles of con-
jugate-gradient energy minimization against a probability density func-
tion that includes spatial restraints derived from the template and resi-
due-specific properties [90].

In silico glycosylation was performed using the GlyProt web-based server
(http://www.glycosciences.de/modeling/glyprot/php/main.php) [91]. Ho-
mology models of Macs2-LN-2 and Macs2-BR-2 gp120 proteins generated
using the 17b-bound gp120 crystal structure template were submitted for
analysis. Briefly, potential glycosylation sites were identified in the amino
acid sequence of the 3D structures, and spatially accessible sites were iden-
tified. The core regions of basic glycoforms were then added to the pre-
dicted glycosylation sites in orientations using the preferred values for the
"1, "2, %n, and &n dihedral angles observed in 3000 experimentally deter-
mined 3D structures of N-glycan chains from glycoproteins.

RESULTS

Highly M-tropic Env variants derived from the CNS
In this study, we characterized the HIV-1 entry mechanisms of
CCR5-using (R5) Env variants derived from BR and LN. These
Envs and the HIV-1 isolates and subjects from whom they were
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derived have been described in detail previously [10, 11, 25,
26]. We first determined the ability of the Envs to enter MDMs
when pseudotyped onto luciferase HIV-1 reporter viruses (Fig. 1).
As controls, we used luciferase reporter viruses pseudotyped
with JR-CSF or YU2 Envs, which have poorly M-tropic and
highly M-tropic phenotypes, respectively [66], and virus pseu-
dotyped with the nonfunctional !KS Env [76] to determine
background levels of luciferase activity. Our results show that
all of the BR-derived Envs tested are highly M-tropic, exhibit-
ing entry levels in MDM similar to those achieved by YU2, and
that all of the LN-derived Envs tested are poorly M-tropic with
entry levels in MDM lower than that achieved by JR-CSF (Fig.
1A). In contrast, the BR- and LN-derived Envs showed similar
levels of HIV-1 entry into PBMC (Fig. 1B) and the JC53 cell
line that expresses high levels of CD4 and CCR5 (Fig. 1C).

Highly M-tropic Envs can efficiently scavenge low
levels of cell-surface CD4
To better understand the virus–cell interactions underlying
efficient MDM entry, we next used the 293-Affinofile affinity-
profiling system [69] to quantify the CD4- and CCR5-usage
efficiencies of the BR- and LN-derived Envs. In this system,
CD4 and CCR5 expression is controlled by separate inducible
promoters, permitting independent variation of CD4 and
CCR5 expression over a physiological concentration range
[69]. When 48 differentially induced cell populations are sub-
jected to single-round entry assays with Env-pseudotyped lu-
ciferase reporter viruses, and data sets are analyzed quantita-
tively by mathematical modeling using the VERSA computa-
tional platform [69], three vector metrics are generated that
capture the essential phenotypic characteristics of the Env.
This is graphically illustrated in Supplemental Fig. 1. The vec-
tor angles measure the degree of CD4 and CCR5 dependence,
and the vector magnitude measures the efficiency of virus en-
try characterized by the overall responsiveness to changes in
CD4 and CCR5 levels; in other words, it measures the overall
steepness or gradient of the surface plot. Lastly, the vector
mean induction measures the efficiency of virus entry charac-
terized by the level of infection averaged across the entire ma-
trix of distinct CD4 and CCR5 expression levels.

These quantitative metrics can be used to dissect simultane-
ously occurring gp120-CD4/CCR5 interactions. For example, a
concordant increase in vector angle and mean induction signi-
fies that the increased infection response to CCR5 levels is a
result of a comparative increase in the efficiency of CCR5 us-
age, whereas a “discordant” increase in vector angle accompa-
nied by a decrease in the mean induction indicates that the
increase in CCR5 dependence is a result of a decrease in
CCR5 usage efficiency, as would occur when an Env exhibits
efficient infection only at higher levels of CCR5 [69]. Thus,
the combined analysis of vector angle with the vector magni-
tude or mean induction permits the VERSA metrics to deter-
mine how efficiently a particular Env can interact with CD4
and CCR5. The following analysis of our BR- and LN-derived
Envs will exemplify the physiological meaning of these vector
metrics.

Figure 2A shows the inducible levels of CD4 and CCR5 ex-
pression achieved by minocycline or ponA, respectively. The

Figure 1. BR-derived Envs are highly M-tropic. Luciferase reporter vi-
ruses pseudotyped with BR- or LN-derived Envs were produced and
titrated as described in Materials and Methods, and equivalent infec-
tious units were used to infect cultures of MDM (A), PBMC (B), or
JC53 cells (C). Controls included luciferase reporter viruses pseu-
dotyped with JR-CSF or YU2 Envs or with the nonfunctional !KS Env
[76]. The results shown are means of triplicate wells and are represen-
tative of four independent experiments. For experiments in MDM and
PBMC, the independent experiments were conducted in cells obtained
from different donors. Error bars represent sd.
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293-Affinofile profiles of control JR-CSF and YU2 Envs show
that the highly M-tropic YU2 Env can enter cells expressing
scant levels of CD4, where it achieves 20–25% of maximal en-
try when low or high levels of CCR5 are present, whereas the
poorly M-tropic JR-CSF Env is dependent on much higher lev-
els of CD4 to enter cells (Fig. 2B). The individual 293-Affin-
ofile plots of the BR- and LN-derived Envs are shown in Sup-
plemental Fig. 2, and the corresponding surface plots are
shown in Supplemental Fig. 3. These data are compiled to-
gether in Fig. 2C. Together, these results show that all of the
BR-derived Envs efficiently use very low levels of CD4 to enter
cells, similar to YU2, whereas all the LN-derived Envs are de-
pendent on higher levels of CD4 to enter cells, similar to JR-
CSF. The entry of the BR-derived Envs and YU2 Env into 293-
Affinofile cells could be inhibited completely by the CCR5 an-
tagonist MVC (Supplemental Fig. 4), confirming the specificity
of the entry levels by these Envs at low CD4 concentrations.

These results are reflected quantitatively by the VERSA met-
rics (Fig. 3). For example, the BR-derived Envs had signifi-
cantly higher vector angles and lower vector magnitudes com-
pared with the LN-derived Envs (P!0.001; Fig. 3A and B).

These data indicate that the BR-derived Envs are less depen-
dent on CD4 (angle; "24° vs. "10° for BR- and LN-derived
Envs, respectively), and as a consequence of their higher base-
line infection at low CD4 levels (see Fig. 2C), their overall re-
sponsiveness to increasing CD4/CCR5 levels is also compara-
tively muted (magnitude; "55 vs. "80 for BR- and LN-derived
Envs, respectively). The BR-derived Envs also had significantly
higher vector mean inductions than the LN-derived Envs
(P!0.001; Fig. 3C), also principally a result of their increased
ability to enter 293-Affinofile cells expressing lower levels of
CD4 (see Fig. 2C). Interestingly, when the alternative VERSA
metrics were plotted on a 3D axis, the primary Envs studied
formed two distinct tissue-specific clusters (Supplemental Fig.
5). For these particular Envs, this occurred in the absence of
intersubject genetic compartmentalization [26], suggesting
that VERSA metrics could be applied in future studies to re-
veal novel Env phenotypic signatures. The altered responsive-
ness to increasing CD4 levels by the BR- and LN-derived Envs
in the presence of low or high levels of CCR5 is illustrated fur-
ther when the 293-Affinofile data are analyzed with five-param-
eter logistics (Fig. 3D and E). In this case, it is apparent that

Figure 2. BR-derived Envs have reduced CD4 dependence.
CD4 and CCR5 levels on 293-Affinofile cells that were in-
duced with increasing concentrations of ponA or minocy-
cline were measured as described in Materials and Methods
(A). Forty-eight differentially induced populations of 293-
Affinofile cells expressing different combinations of cell-sur-
face CD4 and CCR5 levels were inoculated with equivalent
infectious units of luciferase reporter virus pseudotyped with

JR-CSF or YU2 Envs (B) or with each of the BR- and LN-derived Envs. The data are expressed as a percentage of the entry levels attained in cells
expressing the highest levels of CD4 and CCR5. The individual 293-Affinofile plots are shown in Supplemental Figs. 2 and 3, and a compilation of
those data is presented (C). The data presented are means of duplicates and are representative of three independent experiments.
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the increased vector magnitude is a reflection of the steeper
slopes exhibited by the LN-derived Envs. Together, the 293-
Affinofile data and quantitative VERSA metrics confirm that
highly M-tropic Envs have the ability to scavenge low levels of
CD4 on the cell surface to mediate HIV-1 entry, whereas non-
M-tropic Envs do not.

Highly M-tropic Envs have greater exposure of the
CD4bs
To further understand the Env determinants contributing to
highly efficient MDM entry, we next conducted virus inhibi-
tion studies in JC53 cells with sCD4 and the Env mAb b12
[92–94] whose epitope in gp120 overlaps the CD4bs.

The individual inhibition curves of Env-pseudotyped lu-
ciferase reporter viruses by sCD4 are shown in Fig. 4A and B,
and the IC50 for the BR- and LN-derived Envs are plotted in
Fig. 4C. These results show that the BR-derived Envs are signif-
icantly more sensitive to inhibition by sCD4 than the LN-de-
rived Envs. The results also show that the BR-derived Envs ex-
hibit a largely homogeneous response to inhibition by sCD4,
whereas the LN-derived Envs show a high degree of heteroge-
neity in their sensitivity to inhibition by sCD4. We also ob-
served a direct relationship between the sensitivity of virus in-
hibition by sCD4 and the ability of the Env to enter 293-Affin-
ofile cells, expressing low levels of CD4 together with low (Fig.
4D), medium (Fig. 4E), or high levels of CCR5 (Fig. 4F).

The individual neutralization curves of Env-pseudotyped lu-
ciferase reporter viruses by b12 are shown in Supplemental
Fig. 6A and B, and the IC50 values are shown in Supplemental

Fig. 6C. Interestingly, the BR- and LN-derived Envs from sub-
ject Macs3 were resistant to neutralization by b12 (Supplemen-
tal Fig. 6A–C), which is consistent with the results of previous
studies of other Envs cloned from this subject [61]. When
these Envs were excluded from analysis, the remaining BR-
derived Envs showed significantly greater sensitivity to neutral-
ization by b12 compared with the remaining LN-derived Envs
(Supplemental Fig. 6D). Together, the results of the sCD4 and
b12 inhibition studies suggest that the ability of highly
M-tropic Envs to scavenge low levels of cell-surface CD4 is
principally due to the Envs existing in a conformation that has
increased exposure of the CD4bs in gp120.

Evidence that highly M-tropic Envs have altered
presentation of the CD4-induced CCR5-binding
domain in gp120
The preceding studies illustrate the use of the 293-Affinofile affin-
ity-profiling system and VERSA metrics for demonstrating en-
hanced Env-CD4 interactions by highly M-tropic Envs derived
from brain, thus unifying the results of recent studies [15, 49, 50,
55–58, 60–64] in a highly quantitative fashion. However, our re-
cent studies also show that certain blood-derived M-tropic Envs
have increased exposure of CD4-induced epitopes in gp120 that
is associated with an altered interaction with CCR5 [65, 66] and
may not be immediately evident from the 293-Affinofile data. We
therefore next compared the ability of the BR- and LN-derived
Envs to bind to the 17b mAb, whose epitope overlaps the CD4-
induced CCR5-binding site in gp120. After incubation with sCD4,
collectively, the BR-derived Envs showed significantly greater

Figure 3. VERSA metrics distin-
guish BR- and LN-derived Envs.
The VERSA metrics were calcu-
lated from the 293-Affinofile data
as described in Materials and
Methods. A graphical representa-
tion of the VERSA metrics com-
paring vector angles and vector
magnitudes is shown in A. The
shaded wedges represent the sem
of the vector angles, and the
boxes represent the sem of the
vector magnitudes. Statistical
analysis was conducted using an
unpaired t-test to compare the
differences in vector angle (B)
and vector mean induction (C)
between the BR- and LN-derived
Envs. P values ! 0.05 were con-
sidered statistically significant.
The response of the BR- and LN-
derived Envs to increasing CD4
levels when CCR5 levels were low
(D) or high (E) was determined
by five-parameter logistical analy-
sis of the 293-Affinofile data, us-
ing Prism, version 5.0 (GraphPad
Software, San Diego, CA, USA).
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binding to 17b compared with the LN-derived Envs (Fig. 5A),
although at the individual level, it is clear that two of the
BR-derived Envs (Macs3-BR-1 and -8) have 17b-binding pro-
files that are similar to those of the LN-derived Envs. In the
absence of sCD4, there was equivalent, low-level binding to
17b by the BR- and LN-derived Envs (data not shown). Simi-
lar levels of gp120 were expressed on the surface of the
cells used in the binding assays, as shown by equivalent lev-
els of staining with polyclonal HIV! sera (Fig. 5B). These
data indicate that the highly M-tropic BR-derived Envs from
subjects Macs2 and UK1, but not those from Macs3, have
increased exposure of the CD4-induced 17b epitope.

To investigate the potential mechanisms by which these BR-
derived Envs have greater presentation of the 17b epitope, we
first compared the gp120 sequences of representative BR
(Macs2-BR-2 and UK1-BR-10)- and LN (Macs2-LN-2)-derived
Envs that had differences in 17b-binding profiles. Sequence
analysis identified a conserved shift in the pattern of PNGS
within the gp120 V4-loop region that segregated the BR- from
LN-derived Envs (Fig. 5C). The Macs2-LN Env clones have a
PNGS at Asn386, whereas the Macs2-BR and UK1-BR Env
clones have Asp at this position, eliminating the PNGS, but
contain a small insertion of 3–4 aa in V4 that reintroduces the
PNGS at Asn397. To determine whether this shift in N-linked

Figure 4. BR-derived Envs have greater sensitivity to inhibition by sCD4. Virus inhibition assays were conducted in JC53 cells, as described in Mate-
rials and Methods (A and B), and the sCD4 IC50 values for viruses pseudotyped with BR- or LN-derived Envs were calculated from the virus inhibi-
tion curves using Prism, version 5.0 (GraphPad Software; C). Statistical comparisons were made with a nonparametric Mann-Whitney U-test. The
ability of the Envs to enter 293-Affinofiles expressing low levels of CD4 and low (D), medium (E), or high (F) levels of CCR5 was plotted against
the sCD4 IC50 values using Prism, version 5.0 (GraphPad Software). The data shown are means of triplicates and are representative of two inde-
pendent experiments. The Spearman correlation coefficients (r) and P values are shown. P values " 0.05 were considered statistically significant.
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glycosylation may potentially influence 17b binding, we next
produced 3D homology models of Macs2-LN-2 and Macs2-BR-2
gp120 proteins in their 17b-bound conformations using the
17b-bound gp120 crystal structure as template [88] and mod-
eled the glycosylation at positions Asn386 or Asn397 (Fig. 5D).
For Macs2-LN-2, the glycan is located proximal to the 17b
epitope and therefore, has the potential to obscure part of the
CCR5-binding domain. In contrast, for Macs2-BR-2, reposition-
ing the glycan to aa 397 places it distal to the 17b epitope,
thus facilitating greater exposure of the CCR5-binding do-
main. Supplemental Fig. 7 shows that glycosylation at Asn386
can also potentially occlude the 17b-binding site on gp120 and
modulate 17b binding in the context of other glycosylated resi-
dues. Similar results were obtained from models of 17b-bound
gp120 of UK1-BR-10 (data not shown). Although further mu-
tagenesis studies are required to determine the role of V4-loop
glycan alterations in exposing or occluding the 17b epitope,
these analyses provide evidence that the majority of the highly
M-tropic Envs exists in a conformation that has greater presen-
tation of CD4-induced epitopes, which may alter the interac-
tion between CD4-bound gp120 and CCR5.

Highly M-tropic Envs derived from brain display an
altered mechanism of engagement with CCR5
To determine whether the BR-derived Envs have an altered inter-
action with CCR5, we next elucidated the mechanism of gp120-
CCR5 engagement by the BR- and LN-derived Envs. Single-round

entry assays were conducted in NP2-CD4 cells expressing WT
CCR5 or CCR5 containing various mutations in the N-terminal
domain or ECL regions, using luciferase reporter viruses pseu-
dotyped with each of the BR- and LN-derived Envs (Fig. 6). The
levels of virus entry in cells expressing CCR5 mutants were ex-
pressed as percentages of that attained in cells expressing equiva-
lent levels of WT CCR5, which was verified by flow cytometry.
The results show that the BR-derived Envs have significantly in-
creased dependence on Tyr10, Asp11, Tyr14, Tyr15, Gly18, and
Lys22 within the CCR5 N-terminus compared with the LN-de-
rived Envs. In particular, most of the BR-derived Envs are criti-
cally dependent on the sulfated Tyr10, Tyr14, and Tyr15 residues
in the CCR5 N-terminus, whereas most of the LN-derived Envs
are not. The results also show that the BR-derived Envs have in-
creased dependence on His88 and His181 in the CCR5 ECL1
and ECL2 regions, respectively. No differences in dependence on
Val5 in the CCR5 N-terminus, Tyr89 in the CCR5 ECL1 region,
or Tyr184 and Gln188 in the CCR5 ECL2 region were observed
between the BR- and LN-derived Envs (data not shown). To-
gether, these results illustrate an increased reliance of the BR-
derived Envs on the CCR5 N-terminus and novel interactions
with charged elements of the CCR5 ECL1 and ECL2 regions.

Potential structural basis for the altered engagement
between BR-derived Envs and the CCR5 N-terminus
Sequence analysis identified 7 aa polymorphisms in gp120, lo-
cated within or immediately adjacent to coreceptor-binding

Figure 5. The majority of the BR-derived Envs has greater presentation of the
CD4-induced 17b epitope. Binding assays between Env expressed on 293T cells and
the mAb 17b (A) or polyclonal HIV! sera (B) were conducted as described in Mate-
rials and Methods. The data shown are means of triplicates and are representative of
three independent experiments. Statistical comparisons were made with a nonpara-
metric Mann-Whitney U-test, and P values " 0.05 were considered statistically signifi-

cant. The gp120 V4 amino acid sequence of Macs2-LN-2, Macs2-BR-2, and UK1-BR-10 Envs and location of PNGS are shown in
C. Homology models of Macs2-LN-2 and Macs2-BR-2 gp120 proteins were generated using the 17b-bound gp120 crystal struc-
ture template, as described in Materials and Methods (D). The molecular surface of gp120 is shown in gray, and the CD4bs
and the 17b epitope are shown in pink and aqua, respectively. The N-glycan core of PNGS at positions N386 (Macs2-LN-2)
and N397 (Macs2-BR-2) is shown as orange space-filling sphere representations.
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sites that segregated Macs2-LN from Macs2-BR and UK1-BR
Envs. These polymorphisms include Arg/Gln328 and Gly/Arg335
within or near the gp120 V3-loop; Asn/Asp386 within the gp120
V4-loop; and Arg/Lys121, Arg/Lys432, Leu/Gln442, and Val/

Ile443 within or near the gp120 bridging sheet (Fig. 7A). To
identify the potential molecular interactions associated with the
increased reliance of the BR-derived Envs on the CCR5 N-termi-
nus and the potential influence of these amino acid polymor-

Figure 6. BR-derived Envs have reduced dependence on the CCR5 N-terminus and on charged elements of CCR5. Luciferase reporter viruses were used
to infect NP2-CD4 cells expressing equivalent levels of WT CCR5 or CCR5 with alternative mutations in the CCR5 N-terminus (Y10A, D11A, Y14F, Y15A,
E18A, K22A), ECL1 (H88A), or ECL2 regions (H181A), as described in Materials and Methods. Entry levels were expressed as a percentage of those at-
tained in cells expressing WT CCR5. The results shown are means of triplicates and are representative of three independent experiments. Statistical com-
parisons were made with a nonparametric Mann-Whitney U-test. *P ! 0.05; **P ! 0.01. P values ! 0.05 were considered statistically significant.
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phisms on such interactions, we next produced full-length 3D
homology models of UK1-BR-10, Macs2-BR-2, and Macs2-LN-2
gp120 proteins based on the crystal structure of CD4-bound YU2
gp120 [89]. This structure is particularly useful, as it is docked to
a sulfated CCR5 N-terminal peptide (CCR52–15) and thus, per-
mits the investigation of the molecular interactions at the gp120-
CCR5 N-terminus interface. Analysis of the potential atomic con-
tacts at the gp120-CCR5 N-terminus interface shows that Gly441
and Thr303 of all three gp120 structures are predicted to interact
directly with sulfated Tyr14 of the CCR5 N-terminus (Fig. 7B).
However, Macs2-BR-2 and UK1-BR-10 gp120 structures can poten-
tially form several additional contacts with the CCR5 N-terminus.
Specifically, Macs2-BR-2 has additional predicted atomic contacts
between Ile326 and sulfated Tyr10, Arg327, and Asn13 and
Asn300 and sulfated Tys14 of gp120 and the CCR5 N-terminus,
respectively. UK1-BR-10 has additional predicted atomic contacts
between Arg327 and sulfated Tyr10, Arg327, and Asn13 and
Asn302 and sulfated Tyr14 of gp120 and the CCR5 N-terminus,
respectively. These results suggest that the BR-derived Envs may
rely on more atomic contacts with the CCR5 N-terminus than the
LN-derived Envs to enter cells. Further mutagenesis studies are

required to determine precisely whether this is the case. How-
ever, our modeling studies provide a potential structural basis for
why the entry of BR-derived Envs into cells is more readily abro-
gated by CCR5 N-terminus mutations.

DISCUSSION

Although it is well-established that M-tropic HIV-1 variants are
more likely to persist in the CNS than in peripheral tissues and
that several studies have illustrated an enhanced interaction be-
tween gp120 of M-tropic viruses and CD4 (reviewed in ref. [54]),
we still do not have a firm understanding of the broader virus–
cell interactions that contribute to M-tropism of BR-derived HIV-1
variants. Here, we took advantage of the 293-Affinofile affinity-
profiling system [69] to model, in a quantitative fashion, the tan-
dem interactions between BR-derived Envs and both CD4 and
CCR5, which are associated with efficient macrophage entry. In
addition to demonstrating a dramatically reduced dependence of
BR-derived Envs on CD4 levels, our results identify an alteration
in the way BR-derived Envs interact with CCR5. In the majority of

Figure 7. BR-derived Envs have
structural alterations at the gp120-
CCR5 N-terminus interface. Amino
acid polymorphisms associated with
BR-derived Envs were identified
within or near CCR5-binding sites in
gp120, as indicated in the multiple
sequence alignment (A). The loca-
tions of common alterations occur-
ring in Macs2-BR-2 and UK1-BR-10
Envs are highlighted. 3D homology
models of gp120 of UK1-BR-10,
Macs2-BR-2, and Macs2-LN-2 Envs,
in their CD4-bound conformation
and docked to a CCR52–15 N-termi-
nal peptide, were produced as de-
scribed in Materials and Methods
(B). The !-carbon atoms of amino
acids, occurring at positions 121,
328, 335, 386, 432, 442, and 443, are
shown as blue space-filled models.
gp120 is shown as gray ribbon, CD4
as purple ribbon, and the CCR5
N-terminal peptide (aa 7–15) as yel-
low ribbon. The CD4bs, as defined
by gp120 amino acids within 4 Å of
the CD4 molecule [66, 87], is col-
ored orange. In the enlarged boxes,
the amino acids in gp120 making hy-
drogen-bond contacts with the CCR5
N-terminus peptide are shown as ma-
genta stick models. The CCR5 N-ter-
minus hydrogen-bond partners are
shown as yellow stick models, with
sulfate groups on Tyr10 and Tyr14
(Tys10 and Tys14, respectively) col-
ored orange. Hydrogen bonds are
shown as black dotted lines. Residues
are numbered according to the
HXB2 gp120 sequence.
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cases, this alteration was characterized by increased exposure of
the CD4-induced CCR5-binding domain in gp120, which was as-
sociated with repositioning of the glycan shield within the V4 re-
gion, and by increased dependence on the CCR5 N-terminus and
on charged elements within the CCR5 ECLs, which was associ-
ated with the predicted formation of additional atomic contacts
at the gp120-CCR5 N-terminus interface. When viewed in context
with the 293-Affinofile profiles and VERSA metrics, these results
suggest that the highly M-tropic BR-derived Envs have an altered
but not necessarily more efficient interaction with CCR5 that oc-
curs in tandem with an enhanced interaction with CD4.

In addition to providing a more detailed understanding of how
M-tropic Envs interact with cellular receptors, our results further
illustrate the distinction between coreceptor use of HIV-1 and
cellular tropism. An important conclusion that we draw is that
CCR5 use of HIV-1 per se is insufficient to confer M-tropism.
This interpretation is consistent with our original classification
made more than 10 years ago—that a significant proportion of
CCR5-using HIV-1 strains can be termed non-M-tropic R5 viruses
based on their ability to enter and replicate in PBMC but not in
MDM and primary cultures of human fetal microglia [10]. In
fact, there is now evidence to suggest that most of the circulating
R5 HIV-1 strains and those residing in lymphoid tissues are T
cell-tropic rather than M-tropic [10, 15, 49–51, 55]. In addition, a
subset of highly M-tropic HIV-1 strains has been shown to enter
macrophages efficiently via CXCR4 [10, 25, 65]. These results
underscore that the determinants of M-tropism by HIV-1 strains
are significantly more complex than the coreceptor specificity of
their Env glycoproteins (reviewed in ref. [40]).

Whereas there is convincing evidence that reduced CD4 de-
pendence permits the ability of BR-derived Envs to scavenge
low levels of CD4 expressed on the surface of macrophages
and microglia [15, 49, 50, 55–58, 60–64], it is presently un-
clear how an altered interaction between gp120 and the CCR5
N-terminus may also contribute to the entry of BR-derived
Envs into these cells. It is possible that BR-derived Envs have
undergone adaptations to reflect the differences in CCR5 con-
formation [28, 95] and/or post-translational modifications,
such as sulfation [32] or O-linked glycosylation [32, 96, 97],
which exist among macrophages, resting T cells, and activated
T cells.

The pattern of increased reliance on the CCR5 N-terminus
and on charged elements within the CCR5 ECLs exhibited by the
BR-derived Envs is remarkably similar to the pattern of altered
CCR5 engagement that we and others have shown to be the ma-
jor mechanism by which HIV-1 can develop allosteric resistance
to CCR5 antagonists, including MVC [75, 78, 98–101]. This
raised the possibility that the BR-derived Envs may exhibit base-
line resistance to MVC. However, we showed that all of the BR-
and LN-derived Envs are completely inhibited by MVC (Supple-
mental Fig. 8). As resistance to CCR5 antagonists is characterized
by plateaus of virus inhibition below 100% rather than by shifts
in IC50 values [102], none of the Envs tested exhibited resistance
to MVC. In fact, the majority of the BR-derived Envs could be
inhibited completely by !20-fold lower concentrations of MVC
than the majority of the LN-derived Envs (Supplemental Fig. 8).
From these results, we can conclude that the BR-derived Envs
remain highly sensitive to inhibition by MVC, despite having a

mechanism of CCR5 engagement that could be considered pre-
dictive of CCR5 antagonist resistance. These findings underscore
the strain-dependent nature of Env phenotypes and suggest that
CCR5 antagonists could effectively treat CNS infection, should
they be developed with suitable pharmacological properties that
allow sufficient CNS penetrance and bioavailability.

The increased dependence of the highly M-tropic BR-derived
Envs on the CCR5 N-terminus was an intriguing, unexpected re-
sult. We recently characterized the association between the effi-
ciency of macrophage entry by certain blood-derived Envs and
the ability of the Envs to tolerate mutations in the CCR5 N-termi-
nus and showed that efficient CCR5-mediated macrophage entry
was associated with reduced, rather than increased, dependence
on elements within the CCR5 N-terminus, which included Asp11,
Tyr14, Tyr15, and Glu18 [65, 66]. In these studies, we also saw
correlations between the efficiency of macrophage entry and the
ability of the Env to enter 293-Affinofile cells expressing low lev-
els of CCR5 and also with the MVC IC50, suggesting that unlike
the BR-derived Envs, the M-tropic blood-derived Envs studied had
a more efficient interaction with CCR5. Thus, there appears to
be dichotomous mechanisms of altered Env-CCR5 engagement
by M-tropic Envs, depending on whether they were derived from
brain or from blood—the former involving increased depen-
dence on the CCR5 N-terminus that does not increase the effi-
ciency of the Env-CCR5 interaction and the latter involving re-
duced dependence on the CCR5 N-terminus that increases the
efficiency of the Env-CCR5 interaction. Thus, the R5 M-tropic
phenotype or “color”, as termed recently by Swanstrom and col-
leagues [53], may indeed be comprised of at least two distinct
M-tropic subphenotypes.

Although all the BR-derived Envs studied had reduced CD4
dependence that was associated with increased sensitivity to inhi-
bition by sCD4, two of the BR-derived Envs—Macs3-BR-1 and
Macs3-BR-8—were resistant to neutralization by b12, as were the
Envs derived from LNs of the same subject (see Supplemental
Fig. 6). The determinants of b12 resistance by these Envs are un-
clear, but it is noteworthy that other Envs, which were amplified
and cloned directly from tissues of this subject, were also shown
to be resistant to b12 [61]. The BR-derived Envs from Macs3 also
showed reduced exposure of the CD4-induced 17b epitope than
the other BR-derived Envs, and they also had less pronounced
dependence on the CCR5 N-terminus than the other BR-derived
Envs. These results indicate that some highly M-tropic BR-derived
Envs can efficiently engage CD4 through a mechanism that does
not involve greater exposure of the b12 epitope. The results also
suggest that a subset of BR-derived Envs may not necessarily exist
in conformations that have greater presentation of the 17b
epitope nor exhibit an altered interaction with CCR5. Further
studies are required to determine how frequently this occurs
among highly M-tropic BR-derived Envs.

In summary, the results of our study provide new mechanis-
tic insights into the virus–cell interactions involved in macro-
phage tropism of HIV-1 variants derived from brain, using
quantitative affinity-profiling techniques and mathematical
modeling of biological data that account for the simultaneous
alterations in the way the Env glycoproteins of M-tropic viruses
interact with both CD4 and CCR5.

Salimi et al. Entry receptor profiling of compartmentalized HIV
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Introduction 

 Lentiviruses are common vectors used in gene therapy because they can transduce 

non-dividing cells and offer stable integration into a target cell’s genome.  The host range 

can be altered by pseudotyping with glycoproteins derived from other enveloped viruses.  

The most commonly used is the glycoprotein (G) of vesicular stomatitis virus (VSV), 

which has great stability in the vector particle allowing concentration to high titers, and 

also has a ubiquitous host cell receptor allowing transduction of most cell types (1, 2).  

VSV-G pseudotyped particles (VSV-Gpp) have become the standard for evaluating the 

efficiency of transduction by other viral envelope pseudotypes.  However, VSV-Gpp 

cannot be targeted to specific populations of cells, which is necessary for in vivo gene 

transfer applications. 

 More specific cell targeting can be achieved by pseudotyping with envelopes 

modified in various ways that allow for re-retargeting via some ligand specific domain (3, 

4).  Measles virus (MeV) glycoproteins (Edmonston strain) can also be efficiently 

pseudotyped onto a lentiviral vector, but only when the cytoplasmic tails of both 

envelope glycoproteins, the hemagglutinin (H) and fusion (F) proteins, were truncated.  

MeVEdm uses CD46 and/or SLAM as entry receptors.  In humans, CD46 is expressed on 

all nucleated cells (5), thus its natural tropism does not offer MeVpp any specific 

targeting advantage in vivo.  However, ex vivo, MeVpp can transduce unstimulated 

primary human B and T cells that are relatively resistant to even VSV-Gpp transduction, 

suggesting that MeVpp are at least useful as an experimental tool (6, 7). 
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 More recently, the unique features of MeV entry have allowed for some 

innovations that have attracted considerable interest (8-10).  Measles virus is a member of 

the morbillivirus genus in the Paramyxovirinae subfamily of paramyxoviruses.  

Paramyxovirus entry requires the coordinated action of both the fusion (F) and 

attachment glycoproteins (designated HN, H, or G depending on its receptor binding 

properties); receptor binding to the viral attachment glycoprotein induces an allosteric 

change that triggers F to undergo a conformational cascade that results in virus-cell 

membrane fusion and entry (11-13).  Morbillivirus is one of only two genera of 

paramyxoviruses that use protein-based receptors, the others use ubiquitous glycan-based 

receptors such as sialic acids.  The aforementioned innovation takes advantage of the 

wealth of structure-function information that have not only mapped the receptor binding 

sites on MeV-H, but have also characterized key features of the ensuing receptor-binding 

triggerred fusion cascade (12, 14).  Thus, by mutating the native receptor-binding sites on 

MeV-H, and appending to the C-terminus of the mutated MeV-H (a type II 

transmembrane protein), the single-chain variable fragment (scFv) from a monoclonal 

antibody recognizing specific cell-surface antigens, MeVpp can be successfully re-

targeted, at least in vitro, to neurons, endothelial cells, and hematopoietic progenitors 

(15).  Nevertheless, the development as MeVpp as in vivo targeted human gene therapy 

vectors is limited by the wide-spread presence of pre-existing neutralizing antibodies in 

the vast majority of the human population that have received MeV vaccination. 

 Nipah (NiV) and Hendra (HeV) viruses belong to the only other genera 

(Henipavirus) of paramyxoviruses that use protein-based receptors.  A recent study 
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showed that the full-length Nipah virus envelope glycoproteins could be pseudotyped 

onto a lentiviral vector and mediate entry into various cell lines, although infectious titers 

were not determined (16).  For NiV, the attachment glycoprotein, NiV-G, functions in 

recognition of the receptor.  As for MeV, binding of the receptor to NiV-G triggers a 

series of conformational changes that eventually lead to NiV-F triggering and virus-cell 

membrane fusion (reviewed in (13)).  Henipaviruses use ephrinB2 as the primary 

receptor, and, somewhat less efficiently,  ephrinB3 as an alternate receptor (17-19).  The 

remarkably high affinity of NiV-G for ephrinB2 (Kd = 0.06 nM) (19) suggests that NiV 

pseudotyped particles (NiVpp) can be efficiently and specifically targeted to ephrinB2+ 

cells.  Thus, instead of re-targeting strategies, we sought to exploit the natural tropism of 

NiV for specific targeting of primary ephrinB2-expressing cell types that are of 

significant biological and clinical interest to the gene targeting community. 

 Eph-ephrin receptor-ligand pairs are membrane-associated receptor tyrosine 

kinases (RTKs) with well-established roles in many developmental processes; they 

regulate cell boundaries during tissue and bone formation, as well as provide guidance 

cues during neurogenesis and angiogenesis (20).  EphrinB2-ephB4 interactions have been 

strongly implicated in tumor angiogenesis, migration, and invasion (21).  In addition, 

ephrinB2 has been proposed as a molecular marker of stemness, being expressed on 

murine embryonic stem cells, hematopoietic stem cells and neural stem cells (22).  Thus, 

the ability to target lentiviral vectors specifically to ephrinB2+ cells may be of utility for 

studying specific stem cell populations, or be of use for disrupting tumorigenesis where 

the ephrinB2-ephB4 axis plays a critical role (20). 
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 Here, we systematically investigated what modifications to the cytoplasmic tails 

of the NiV glycoproteins could best enhance the efficiency of pseudotyping onto 

lentiviral particles.  We found that efficient functional pseudotyping with NiV envelope 

requires only truncation of the F protein cytoplasmic tail, while full-length NiV-G can be 

used. Unlike MeVpp, full-length and truncated F were equally incorporated into NiVpp, 

indicating that the requirements for functional lentiviral pseudotyping differ between 

MeV and NiV.  NiVpp can specifically target ephrinB2+ cells in a 1000-fold excess of 

ephrinB2-negative cells, and NiVpp transduced human embryonic, hematopoietic and 

neural stem cell populations in an ephrinB2-specific manner.  Intravenous administration 

of the luciferase reporter NiVpp resulted in signals detected in the spleen and lung, but 

not the liver.  Biodistribution studies quantifying genome integrated vector copy numbers 

in various tissues confirm these observations.  Bypassing the liver sink is a critical barrier 

for targeted gene therapy (23, 24), suggesting that the extraordinary specificity of NiV-G 

for ephrinB2 may allow for targeting of specific ephrinB2+ populations in vivo, or in 

vitro without the need for prior cell purification.  
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Materials and Methods 

Plasmid construction.  The codon-optimized NiV-F and NiV-G genes were tagged at 

their C termini with an AU1 (DTYRYI) or HA (YPYDVPDYA) tag, respectively, as 

previously described (25).  The β-lactamase (β-la) gene was fused to NiV-M as 

previously described (26).  NiV-G cytoplasmic truncation mutants were generated using 

the QuikChange site-directed mutagenesis kit (Stratagene, Cedar Creek, TX) with 

primers designed corresponding to the deletions.  NiV T234F and T5FΔN3 mutants were 

previously made (27, 28).  FUhLucW and FG12 were constructed from FUGW, as 

previously described (29, 30).  pNL4-3.Luc.R-.E- was obtained through the NIH AIDS 

Research and Reference Reagent Program.  VSV-ΔG-Luc has the G protein envelope 

replaced with Renilla Luc, as previously described (19). 

 

Cells and culture conditions.  293T cells were cultured in IMDM with 10% FBS, 1% 

NEAA, 1% Glutamax, and antibiotics.  CHO-pgsA745 is a mutant cell line derived from 

Chinese hamster ovary (CHO) cells that lack the endogenous expression of heparin 

sulfate proteoglycans (31), and was maintained in DMEM-F12 medium supplemented 

with 10% FBS.  CHO cells expressing either ephrin-B2 (CHO-B2) or ephrin-B3 (CHO-

B3) were made as previously described (19), and maintained in DMEM-F12 medium 

supplemented with 10% FBS and 1 mg/ml of G418 to drive plasmid expression through 

neomycin resistance.  Vero (African green monkey kidney fibroblast) cells were 

maintained in α-MEM with 10% FBS.  U87 cells were maintained in DMEM with 10% 
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FBS.  Human embryonic stem cells (hESCs) (H1, H9, and UCLA1 lines) were cultured 

on gelatin-coated plates on a feeder layer of mitotically-inactivated murine embryonic 

fibroblasts (MEFs).  hESC medium is composed of DMEM/F:12 supplemented with 20% 

KnockOut Serum Replacement (KOSR, Life Technologies), 0.1 mM NEAA (Life 

Technologies), 1 mM L-Glutamine (Life Technologies), 0.1 mM 2-mercaptoethanol 

(Sigma-Aldrich), and 4 ng/ml basic fibroblast growth factor (bFGF, R&D Systems – 

obtained via National Cancer Institute Biological Resources Branch).  hESCs were 

passaged in small clumps every 5-7 days using collagenase (Life Technologies).  For 

viral transductions, hESCs were transferred to feeder-free conditions.  hESCs were 

dissociated to single cells using trypsin (Life Technologies) for counting and then plated 

on Matrigel- (BD Biosciences) coated plates in hESC medium that was conditioned 

overnight on MEFs and supplemented with 10 µM HA-1077 (ROCK inhibitor, Sigma-

Aldrich) to promote hESC survival (32).  CD34+ cells were isolated from human fetal 

liver as previously described (33).  For viral transductions, the cells were seeded onto 

Retronectin (Takara)-coated plates with 2% bovine serum albumin in Yssel’s medium 

(Gemini).  As previously described (34), neuralization of undifferentiated HSF1 hESC 

colonies was induced in situ by switching to rosette media containing DMEM:F12, N-2 

supplement (Gibco), B27 supplement (Gibco), 1uM retinoic acid (Sigma), 1uM 

Smoothened Agonist (Calbiochem), and 20 ng/mL FGF2. After 10-14 days, rosettes were 

mechanically isolated and passaged onto poly-ornithine- (Sigma) and laminin- (Sigma) 

coated plates. Once picked, rosettes were placed into neural progenitor cell (NPC) media 

containing DMEM:F12, N-2, B27, 50 ng/mL EGF (Peprotech), and 20 ng/mL FGF2 
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allowing for expansion and maintenance. 100,000 NPCs (passage #2) were plated onto 

24-well plates using TrypLE (Gibco) for viral infection.   

 

Virus production.  Lentiviral vectors were produced by calcium phosphate-mediated 

transient transfection of 293T cells.  24 hours prior to transfection, 1.6 x 107 293T cells 

were seeded into a T175 flask.  On the day of transfection, the medium was replaced with 

25ml fresh medium containing 10mM chloroquine.  7 µg of NiV-F variant, 7 µg of NiV-

G variant, 12.5 µg of the packaging plasmid pCMVΔR8.9, and 12.5 µg of the lentiviral 

transfer vector plasmid (FG12 or FUhLucW) were mixed with 133 µl of 2M CaCl2 and 

brought up to a final volume of 980 µl with ddH20.  Next, 1,110 µl of 2X HEPES buffer 

saline buffer was added dropwise.  Following a 20-minute incubation on ice, the 

precipitate was added to the cells.  After 8 hours, the medium was replaced with 30 ml of 

AIM-V serum-free medium.  48 hours post-transfection, the cell supernatant containing 

the pseudotyped lentiviral vector particles was layered over a 20% sucrose cushion and 

concentrated by centrifugation at 28,000 rpm at 4°C for 2 hours (Beckman SW-32 rotor).  

The viral pellet was resuspended in 300 µl of PBS and filtered (0.45µm filter).  To 

determine viral titer, serial dilutions of unconcentrated and concentrated stocks were 

added to 2 x 105 293T cells and incubated for 2 hours at 37°C.  The medium was replaced 

with fresh medium.  72 hours post-infection, the cells were collected and analyzed by 

flow cytometry for eGFP expression.  The titers are expressed as infectious units per ml 

(IU/ml).  Typical unconcentrated titers for NiVpp are 106 IU/ml, and can be concentrated 

to 108-109 IU/ml upon ultracentrifugation. 
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Western blot analysis.  Concentrated viral stocks were normalized to HIV p24 (50 ng of 

p24 per lane).  The samples were boiled in 6X sodium dodecyl sulfate (SDS) loading 

buffer containing 2-mercaptoethanol for 10 minutes, subjected to electrophoresis through 

a 10% SDS polyacrylamide gel, and transferred onto a PVDF (Millipore) membrane.  

Mouse anti-HA-tag (Covance), mouse anti-AU1-tag (Covance), and mouse anti-p24 

(NIH AIDS Research and Reference Reagent Program) monoclonal antibodies were used 

to detect NiV-G, NiV-F, and p24 proteins, respectively.  A goat anti-mouse IRDye 

800CW  (LI-COR Biosciences) was used as a secondary antibody.  Signals were detected 

using the Odyssey infrared imaging system (LI-COR Biosciences). 

 

β-lactamase-matrix entry assay.  NiV and VSV-G β-lactamase-matrix virus-like 

particles (β-la-M VLPs) were produced as previously described (26).  293T cells were 

seeded in a 24-well dish at 7.5 x 104 per well.  24 hours after seeding, concentrated NiV 

wt F/wt G, NiV T5F/wt G or VSV-G pseudotyped βla-M VLPs were added to the cells 

and spin-inoculated for 1 hour at 2,000 rpm at 4°C.  After spin-inoculation, cells were 

gently washed and CCF2-AM (Invitrogen) was added according to manufacturer 

recommendations.  Cells were then transferred to a pre-warmed 37°C micro-plate 

fluorometer (TECAN Infinite® M1000).  Green (uncleaved CCF2-AM) and blue 

(cleaved CCF2-AM) fluorescence was monitored at 530 nm and 460 nm, respectively.  

Kinetic readings were taken every 10 min for up to 5 hours.  
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In vitro infection of cells.  Increasing amounts of virus (based on MOI or p24) were 

added to 1 x 105 cells of each cell type and centrifuged at 2,000 rpm at 37°C for 2 hours.  

As a specificity control, 10 nM of soluble ephrinB2 (R&D Systems) was added to the 

infection medium.  To exclude pseudotransduction, 5µM of nevirapine was added.  For 

stem cell transductions, 4 ng/ml of polybrene (Sigma) was added.  Following an 

overnight incubation with virus, the infection medium was removed and replaced with 

fresh medium.  72 hours post-infection, the cells were harvested and analyzed by flow 

cytometry for eGFP expression.  For transduction of a mixed population of cells, 

ephrinB2+ human U87 cells were mixed with ephrinB2- non-human Chinese hamster 

ovary (CHO) cells at different ratios (U87:CHO ratios = 1:1, 1:10, 1:100, and 1:1000), 

and seeded at a density of 50,000 cells per well in 24-well plates.  The next day, cells 

were infected with 1 or 10 ng of NiV T5F/wt G, T5FΔN3/wt G, and VSV-G pseudotypes.  

72h post-infection, the cells were harvested, stained with the mouse W6/32 anti-human 

HLA-ABC monoclonal antibody (eBioscience), followed by Alexa 647-conjugated goat 

anti-mouse secondary antibodies.  Samples were fixed and then analyzed by dual-color 

flow cytometry for human HLA and eGFP expression.  

 

FACS-sorting of CD34+ fetal liver cells.  CD34+ cells were isolated from human fetal 

liver as previously described (33).  The cell suspensions were stained with DAPI, CD34-

APC, CD38-PE-Cy7, and CD90-FITC (BD-Biosciences) antibodies for 20 minutes on ice 

in the dark.  Following washing, the cells were sorted on a BD FACS Aria into 4 

populations:  CD90+CD34+CD38-, CD90-CD34+CD38-, CD90-CD34+CD38+, and 
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CD90-CD34-CD38+.   Immediately following sorting, RNA was extracted from each 

population using a RNeasy Micro kit (Qiagen) and used for preparation of cDNA using a 

QuantiTect Reverse Transcription kit (Qiagen).  Specific primers for ephrinB2 (Forward- 

TCCCGATTGAGCCTTACGACACTT, Reverse- TTCACCTTGACACAGAGCACC) 

and GAPDH (Forward- ATCAAGAAGGTGGTGAAGCAGG, Reverse- 

TCAAAGGTGGAGGAGTGGGTGT) were used for real-time PCR analysis of gene 

expression. 

 

Immunostaining.  Coverslips were fixed in 4% PFA at room temperature for 15 minutes, 

permeabilized in 0.5% Triton-X-100 at room temperature for 10 minutes, and blocked in 

5% bovine serum, 1% BSA, and 0.2% Triton-X-100 at room temperature for 30 minutes.  

They were then incubated overnight at 4°C with a mouse anti-Nestin antibody 

(Neuromics).  Next, the coverslips were incubated with goat anti-mouse 594 (Molecular 

Probes) at room temperature for 1 hour and mounted in Prolong Gold with DAPI 

(Invitrogen).  Imaging was performed using the Zeiss Axio Imager A1. 

 

In vivo analysis of infection.  5-week-old female C57/BL6 (The Jackson Laboratory) 

were maintained in the animal facilities at UCLA in accordance with the University of 

California Animal Research Committee guidelines.  The FUhLucW vector was 

pseudotyped with VSV-G, T5F/wt G, or T5F ΔN3/wt G envelopes.  5 or 10 µg of p24 of 

each virus stock was injected into the tail vein.  5 days post-injection, the mice were 

anesthetized and injected intraperitoneally with 3 mg of D-luciferin (Xenogen).  A cooled 
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IVIS CCD camera (Xenogen) was used to obtain whole-body images.  Organs (brain, 

lung, heart, spleen, liver) were excised from sacrificed mice for imaging.  For 

biodistribution studies, which required the quantitation of integrated vector copy number 

in various tissues, the FG12 vector was pseudotyped with VSV-G or NiV envelopes.  5 

µg of p24 of each virus stock was administered as above.  4 days post-injection, the mice 

were sacrificed and organs (liver, spleen, lung, brain, heart, kidney, bone marrow) were 

harvested.  Organs were minced and cells dissociated as previously described (35).  We 

modified the protocol to extend the digestion time to one hour.  Genomic DNA was 

harvested using an Allprep kit (Qiagen).  Quantitation of the vector copy number and cell 

number in the DNA isolate was performed with LightCycler 480 SYBR Green I Master 

(Roche) using the LightCycler 480 real-time PCR system (Roche).  The FG12 plasmid 

was used as the standard for quantitation of vector copy number.  The primers for the 

analysis of vector copy number were GFP-For (5’ 

GCAGAAGAACGGCATCAAGGTG3’) and GFP-Rev (5’ 

TGGGTGCTCAGGTAGTGGT3’).  The primers for the analysis of cell number were 

HPRT-For (5’ GCAGCGTTTCTGAGCCATT3’) and HPRT-Rev (5’ 

AAAGCGGTCTGAGGAGGA3’). 

 

Gene Expression Analysis.  The gene expression profiles of various pluripotent stem 

cell (PSC)-derived and primary (fetal and adult) tissues were determined by the human 

U133plus2.0 array (Affymetrix) at the UCLA Clinical Microarray Core.  Multiple 

independent arrays (>3) were performed on each cell type shown in Table D-I. 
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Results 

Efficient pseudotyping of a lentiviral vector with the Nipah virus envelope 

glycoproteins only requires truncations in the cytoplasmic tail of the F protein.  

Previous studies have shown that pseudotyping of lentiviral vectors with unmodified 

paramyxoviral glycoproteins is highly inefficient (36).  However, recent studies with the 

measles virus envelope showed that when the cytoplasmic tails of both the fusion (F) and 

attachment (H) glycoproteins are truncated, infectious particles are produced (6, 7).  The 

highest titers were obtained when only 3 residues were left in the F protein cytoplasmic 

tail and 15 residues in the H protein cytoplasmic tail.  In contrast, a study with the Nipah 

virus (NiV) envelope showed that the full-length glycoproteins (F and G) could be used 

to pseudotype a lentiviral luciferase reporter vector, although a truncated F mutant with 

only 4 residues left in its cytoplasmic tail did result in a ten-fold increase in luciferase 

expression compared to wild-type F (16).  However, no data regarding the infectious 

titers produced were given, and neither the transduction efficiency of their NiVpp on 

relevant primary cells, nor the potential of NiVpp for targeted transduction in vivo was 

examined. 

To confirm and extend these findings, we took advantage of a previously 

characterized truncated variant of NiV-F, T5F (27), with 5 residues left in the 

cytoplasmic tail (Fig. D-1A, top panel), but which was otherwise expressed and 

processed at wild-type levels (27).  When used in combination with wild-type (wt) NiV-

G to pseudotype the FG12 lentiviral vector containing a GFP reporter gene, T5F/wtG 

NiVpp gave a titer of ~106 I.U./ml on 293T cells, a 100-fold increase in titer compared to 
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wtF/wtG pseudotypes (Fig. D-1B).  Pseudotyping of NiV T5F/wtG onto the pNL4-3-

Luc-E-R+ vector that was used in the above mentioned study (16) also resulted in a 100-

fold increase in luciferase expression compared to wtF/wtG NiVpp across a three-log 

dilution of the virus stock (Fig. D-1C).  However, pNL4-3-Luc-E-R+ is obviously not 

suitable as a gene therapy vector as it expresses the entire set of HIV genes except for 

Env, and lacks the cardinal safety features of lentiviral-based gene therapy vectors.  Thus, 

in our subsequent studies, we will focus on using the FG12 vector, a HIV derived self-

inactivating lentiviral vector designed for gene therapy purposes (30, 33). 

In an effort to further increase viral titers, we generated variants with stepwise 

truncations in the NiV-G cytoplasmic tail (Fig. D-1A, bottom panel) and screened them 

in combination with T5F.  Although the T5F/Δ10G and T5F/Δ25G variants demonstrated 

similar titers to T5F/wtG, none of the NiV-G variants produced greater titers than wtG 

(Fig. D-1B).  Moreover, all combinations of wt F with the different NiV-G truncation 

variants produced extremely low titers (data not shown).  Collectively, these results 

indicate that only truncations in NiV-F are critical for producing high titer functional 

pseudotypes when combined with wt NiV-G.  Thus, all subsequent experiments were 

performed with the T5F/wtG variant as a starting point.  As for VSV-Gpp, NiVpp could 

be concentrated by ultracentrifugation without lost of infectivity to produce titers of ~108-

109 IU/ml compared to 1010 for VSV-G (data not shown). 

To determine whether the difference in titer between the T5F/wtG and wtF/wtG 

pseudotypes was due to the efficiency of envelope incorporation onto the lentiviral 

particle, we purified NiVpp by ultracentrifugation and determined the amount of F and G 
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on an equivalent amount of virions (normalized by the amount of HIV capsid p24) by 

western blot.  Unlike that for MeVpp, where full-length wtF/wtH were not detectably 

incorporated into pseudotyped particles, there was no difference in levels of NiV F and G 

incorporated between wtF/wtG and T5F/wtG pseudotypes (Fig. D-1D).  In addition, both 

wtF and T5F were equivalently processed (F0/F1).  Thus, truncation of the NiV-F 

cytoplasmic tail did not necessarily enhance incorporation onto virus particles, as was 

demonstrated by studies with the measles virus envelope (6, 7, 37).  This suggests that 

there may be some incompatibility of the cytoplasmic tail of wild-type NiV-F with the 

matrix (gag) protein of HIV that compromises the fusogenicity of NiV-F, and hence the 

infectivity of NiVpp. 

We hypothesized that if the incompatibility is specific to the HIV gag protein, 

then wtF/wtG “pseudotyped” onto NiV matrix (NiV-M), to make infectious virus-like 

particles (VLPs), should not show a significant difference in infectivity compared to 

VLPs produced with T5F/wtG.  To test this, we used an established  β-lactamase-NiV 

matrix (βla-M) based assay to compare entry of wild-type NiV-F and T5F VLPs (26).  

Entry of VLPs is detected by cytosolic delivery of βla-M to target 293T cells preloaded 

with the fluorescent CCF2-AM substrate.  βla-mediated cleavage of CCF2-AM results in 

a shift of green to blue fluorescence.  Thus, the blue to green fluorescence ratio can be 

monitored in real-time to compare the relative differences in entry efficiency due to 

virus-cell fusion.  Fig. D-1E shows that the rate and extent of virus-cell fusion between 

wt F and T5F VLPs were very similar, plateauing at 2.38 and 2.65, respectively.  To 

further confirm this finding, we pseudotyped wild-type NiV-G with either NiV-F or T5F 
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onto a VSVΔG-rLuc core, and infected 293T cells with 10-fold dilutions of each virus 

stock.  T5F pseudotypes demonstrated only up to a 2-fold difference in R.L.U. compared 

to wt F pseudotypes (Fig. D-1F).  Thus, the 100-fold difference in titers of wt F and T5F 

lentiviral pseudotypes is most likely due to a specific incompatibility of the long 

cytoplasmic tail of NiV-F with HIV gag that compromises the fusogenic activity of NiV-

F but not its ability to be incorporated into lentiviral particles.   

 

A hypoglycosylated hyperfusogenic NiV-F mutant demonstrates increased 

infectivity in vitro.  EphrinB2 is likely the primary entry receptor for NiV (17, 18), while 

ephrinB3 may serve an alternate receptor on some cell types (19, 38).  Chinese hamster 

ovary (CHO) cells do not express endogenous ephrinB2 and B3, and are therefore 

refractory to NiV envelope-mediated infection.  However, stable CHO cell lines 

expressing ephrinB2 (CHO-B2) or ephrinB3 (CHO-B3) can readily support NiV 

infection (19).  To compare the relative entry efficiency of NiVpp via the ephrinB2 and 

ephrinB3 receptors, we first infected CHO-B2 or CHO-B3 cells with 0.01, 0.1, and 1 ng 

p24 equivalents of NiVpp bearing T5F/wtG (Fig. D-2, A-C, grey bars), and normalized 

the infectivity observed with that obtained with 1 ng of VSV-Gpp (Fig. D-2D).  Since 

VSV-Gpp infection should not depend on the presence of ephrinB2 or B3, this 

normalization allows for comparison across multiple independent experiments.  Fig. D-2, 

A-C shows that T5F/wtG pseudotypes infected a similar percentage of CHO-B2 and 

CHO-B3 cells in a dose-dependent manner such that at the maximal viral input (1 ng 
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p24), 38% of CHO-B2 and 39% of CHO-B3 cells were infected relative to an equivalent 

amount of VSV-Gpp (compare Fig. D-2C and 2-2D, grey bars at 1 ng). 

Since we found that only modifications to NiV-F were critical for pseudotyping 

(Fig. D-1), we sought to further improve transduction efficiency by pseudotyping 

lentiviral particles with a hyperfusogenic NiV-F variant in which an N-linked 

glycosylation site has been removed (T5FΔN3) (28).  The titer of T5FΔN3/wtG 

pseudotypes on highly permissive 293T cells was similar to that of T5F/wtG pseudotypes 

(data not shown).  However, on CHO-B2 cells, the hyperfusogenic T5FΔN3/wtG 

pseudotypes consistently exhibited a two-fold increase in infectivity relative to the 

T5F/wtG pseudotypes (Fig. D-2, A-C).  This held true across a 100-fold difference in the 

amount of viral inoculum used.  Although receptor specificity is determined by the 

attachment protein, there are examples of hyperfusogenic mutations in paramyxoviral F 

proteins that enable fusion triggering in the absence of their homotypic attachment 

proteins (39-42).  This does not appear to be true for the hyperfusogenic NiV-F as the 

increased infectivity of T5FΔN3/wtG pseudotypes was abrogated by soluble ephrinB2.  

Similar results were observed on CHO-B3 cells at moderate (0.1 ng) and high (1 ng) viral 

input levels (Fig. D-2, B-C, compare black and grey bars); however, no specific 

infectivity was detected at the lowest viral inoculum level on CHO-B3 cells (Fig. D-2A).  

At the highest viral inoculum used, T5FΔN3/wtG NiVpp infection approached the 

transduction efficiency of VSV-Gpp, infecting 80% and 97% of CHO-B2 and CHO-B3 

cells, respectively (Fig. D-2D). 
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Lastly, since ephrinB2 is endogenously expressed at high levels on endothelial 

cells and cells of the central nervous system, we compared the transduction efficiencies 

of T5F/wtG and T5FΔN3/wtG pseudotypes on human microvascular endothelial cells 

(HMVECs) and the U87 glioblastoma cell line (Fig. D-2, E-F).  The two-fold increase in 

infection efficiency of T5FΔN3/wtG over T5F/wtG pseudotypes was observed for U87 

(59.8% versus 32.3% at 1 ng) cells, but not for HMVECs (96.6% versus 87.6%), which 

were already highly permissive to NiVpp infection.  In summary, although both 

pseudotypes had similar infectivity on highly permissive cells such as 293Ts and 

HMVECs, the hyperfusogenic T5FΔN3/wt G pseudotypes nevertheless exhibited 

increased infectivity on some cell lines. 

 

NiV pseudotypes specifically target ephrinB2-positive cells in a vast excess of 

receptor-negative cells.  Entry of T5F/wtG and T5FΔN3/wtG pseudotypes into multiple 

cell types was inhibited by soluble ephrinB2 (Fig. D-2), confirming the specificity of 

receptor-mediated entry.  Next, we investigated whether the NiV pseudotypes could 

specifically target ephrinB2-positive cells in a mixture of ephrinB2-positive and -negative 

cells.  U87 (ephrinB2-positive) cells were mixed with CHO (ephrinB2-negative) cells in 

1:1, 1:10, 1:100, and 1:1000 ratios, and transduced with 1 or 10 ng p24 equivalents of 

NiV or VSV-G pseudotypes (Fig. D-3).  To distinguish infection of the human U87 cells 

from non-human CHO cells, the infected cells were stained with an anti-HLA (anti-MHC 

class I) monoclonal antibody specific for human HLAs.  At a 1:1 ratio and 1 ng of virus, 

the GFP+ cells transduced by both the T5F/wtG and T5FΔN3/wtG pseudotypes remained 
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entirely within the HLA+ population (Fig. D-3A, top panel).  Increasing the amount of 

virus inoculum by 10-fold (10 ng) did not affect the specificity, since the NiVpp 

transduced GFP+ cells remained within the HLA+ population (Fig. D-3A, bottom panel).  

Furthermore, across all cell ratios, the NiV pseudotypes selectively transduced the 

ephrinB2+ U87 cells even after accounting for the differential permissivity of CHO cells 

versus U87 cells for HIV-1 based lentiviral transduction (Fig. D-3, B-C).  VSV-G 

pseudotypes, on the other hand, transduced both HLA+ and HLA- cells, indicating its 

relative lack of specificity.  In sum, our data suggest that NiV pseudotypes can selectively 

target ephrinB2-positive U87 cells even in a 1000-fold excess of ephrinB2-negative CHO 

cells (Fig. D-3C).  Our data also demonstrates that increasing the fusogenicity of NiVpp 

did not necessarily compromise its specificity.  

 

NiV pseudotypes mediate entry into human embryonic, neural and hematopoietic 

stem cells.  On the basis of microarray and bioinformatics analysis, ephrinB2 has been 

identified as a molecular stem cell signature common to mouse embryonic (ESCs), 

hematopoietic (HSCs) stem cells, and neural (NSCs) (22).  To determine if ephrinB2 also 

marks for their human stem cell counterparts, we determined if our NiVpp could mediate 

gene transfer into human ESCs, HSCs, and NSCs (Fig. D-4).  Indeed, adding increasing 

amounts of T5F/wtG pseudotypes to H9 hESCs resulted in a dose-dependent increase 

(14-36%) in the amount of cells positive for GFP and SSEA-4, a cell-surface human 

pluripotency marker (Fig. D-4A).  This infection was specific since it was blocked by 

soluble ephrinB2 (Fig. D-4B).  To ensure that this ephrinB2-mediated transduction was 
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not specific to the H9 hESC line, we infected two other hESC lines (H1 and UCLA1) and 

obtained similar results (Fig. D-4B).  Since stem cells are more difficult to transduce than 

standard cell lines, we expected that the hyperfusogenic T5FΔN3/wt G variant would 

mediate entry more efficiently than T5F/wtG NiVpp.  However, we did not see an 

increase in infection using the T5FΔN3/wt G pseudotypes (Fig. D-4C). 

Next, we infected purified CD34+ cells isolated from human fetal liver with NiV 

pseudotypes.  CD34 is expressed on human hematopoietic stem and progenitor cells 

(HSPCs), although only a small fraction of CD34+ cells are true hematopoietic stem cells 

(HSCs) that have extensive self-renewal capacity in vitro and can engraft 

immunodeficient mice (30, 43).  At a multiplicity of infection (MOI) of 1000, both 

T5F/wtG and T5FΔN3/wt G pseudotypes reproducibly transduced 3.6% and 3.5% of 

CD34+ cells, respectively.  The specificity of this low-level infection was confirmed by 

blocking with soluble ephrinB2 (Fig. D-4D).  True human HSCs have two cardinal 

properties: multipotency, defined as the ability to differentiate into all blood cell lineages, 

and long-term self-renewal, defined by the inexhaustible ability to produce progeny 

functionally identical to the parent upon cell division (43).  Human HSCs with these 

properties are enriched in the Lin-CD90+CD34+CD38- fraction of cord blood (44).  To 

determine whether ephrinB2 is expressed in this fraction, we FACS-sorted 4 populations 

from CD34+ cells isolated from human fetal liver: CD90+CD34+CD38-, CD90-

CD34+CD38-, CD90-CD34+CD38+, and CD90-CD34-CD38+ (Fig. D-4E).  RNA was 

extracted from each sorted population and ephrinB2 expression quantified using real-time 

PCR analysis.  Our results indicate that ephrinB2 is expressed the highest in the 
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CD90+CD34+CD38- fraction (Fig. D-4F).  Thus, the NiV pseudotypes may be targeting 

the cognate population of CD34+ cells enriched for true HSC activity. 

Lastly, we assessed the transduction efficiencies of the NiV pseudotypes on 

nestin+ NSCs derived from hESCs (Fig. D-4G).  Unlike hESCs and CD34+ HSPCs, 

increasing the MOI resulted in a dose-dependent increase in the percent of NSCs 

transduced such that the percent of GFP+ cells approached 100% at a MOI of 100 (Fig. 

D-4H).  However, similar to the hESC and hHSC transductions, the T5FΔN3/wt G 

pseudotypes did not demonstrate increased infectivity compared to the T5F/wtG 

pseudotypes.  Nevertheless, we confirmed that ephrinB2 is functionally expressed on 

human ESCs, HSCs, and NSCs, at least at levels that can mediate NiVpp infection. 

 

NiV pseudotypes bypass the liver sink in vivo.  EphrinB2 is expressed on endothelial 

cells, smooth muscle cells, and neurons (45, 46).  In contrast, ephrinB3 is not expressed 

in the endothelium, and demonstrates overlapping but also distinct expression patterns in 

the central nervous system (47).  This is consistent with our own microarray expression 

studies in a variety of human- and fetal tissue-derived as well as pluripotent stem cell 

(PSC) derived cell types (Table D-1).  The ephrinB2/ephrinB3 expression patterns are in 

concordance with NiV infection in vivo, since histopathological studies on human 

patients detected the highest levels of viral antigens in neurons and endothelial cells of 

small blood vessels in the brain, but some was also observed in the vasculature of the 

lung and spleen. (48, 49).  Importantly, no viral antigens were detected in the liver (49), 
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also consistent with our data in Table D-1, which shows the lack of ephrinB2 and B3 

expression in adult tissue derived hepatocytes.    

The inability to detect viral antigens in liver autopsy tissues from NiV infected 

patients, and the lack of viral receptor expression in the liver prompted us to examine 

whether intravenous administration of NiVpp might bypass the liver sink and target 

accessible ephrinB2+ cell types in vivo.  We pseudotyped the FvcFlw lentiviral vector 

containing a firefly luciferase reporter gene with the NiV and VSV-G envelopes, and 

administered the viruses intravenously through the tail vein of C57/BL6 mice (Fig. D-5).  

A CCD camera was used to quantify the level of luciferase expression in the mice after 

injection of the D-luciferin substrate.  Consistent with previous studies, VSV-Gpp-

mediated transgene expression was detected primarily in the liver and spleen (Fig. D-5B, 

top panel).  For the T5F/wtG pseudotypes, a slight signal was detected in the spleen in 

one case (Fig. D-5B, middle panel).  Strikingly, the T5FΔN3/wt G pseudotypes showed a 

substantially enhanced signal in the spleen in all cases and lung in one case (Fig. D-5B, 

bottom panel).  Thus, the T5FΔN3/wt G hyperfusogenic mutant demonstrates increased 

infectivity in vitro and in vivo.  Significantly, neither the T5F/wtG or T5FΔN3/wtG 

pseudotypes exhibited any signal in the liver in all cases.   

To complement and confirm these results, we also examined genomic vector 

integration in various tissues in an independent set of mice.  The FG12 vector was 

pseudotyped with VSV-G and NiV envelopes, and viruses were administered as above.  

Four days post-injection, whole organs (liver, spleen, and lung) were harvested and cells 

dissociated.  Genomic DNA was extracted and quantitation of vector integration was 
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performed using real-time PCR analysis.  This PCR based assay was more sensitive (limit 

of sensitivity ~0.01 vector integrants/10,000 cells) and confirmed key aspects of our 

luciferase imaging results: while VSV-Gpp and NiVpp transduced the spleen with high 

efficiencies, only the VSV-Gpp transduced the liver, confirming that the NiVpp clearly 

bypassed the liver sink (Fig. D-5C).  Interestingly, using the FG12 vector, VSV-G also 

transduced the lung as well as the NiVpp, although it is unclear whether the same cell 

types were transduced.  The significance of these findings will be discussed.   
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Discussion 

Measles virus and Nipah virus belong to the only two paramyxovirus genera that 

use protein-based receptors for entry.  Studies with the measles virus envelope have 

shown that complex modifications to its attachment protein, including disruption of its 

binding site to its natural receptors and appending scFv or other targeting domains, result 

in specific re-targeting to desired cell populations in vitro and in vivo (9, 50).  Some of 

these modifications have been successfully adapted to make scFV-directed targeting 

lentiviral MeVpp (7, 51).  However, pre-existing neutralizing antibodies due to wide-

spread MeV vaccination may compromise the transduction efficiency of MeVpp when 

administered in vivo, although deletion of immunodominant epitopes on MeV-H and 

other modifications have reduced the sensitivity of MeVpp to serum neutralization in 

vitro (52).  In contrast, NiV is an emerging and lethal pathogen thus far confined to 

Southeast Asia (53).  Thus, it is unlikely that pre-existing antibodies will pose a barrier to 

the development of NiVpp as a vehicle for targeted gene therapy.  However, in the case 

of NiV, we sought to take advantage of the physiologically restricted and pathologically 

relevant expression patterns of ephrinB2, the primary high affinity receptor for NiV.  

Thus, instead of mimicking the re-targeting strategies used for MeV, we investigated the 

prospects of generating high-titer NiV pseudotypes that allow for specific targeting of 

biologically significant ephrinB2+ populations in vitro and in vivo. 

The picomolar affinity of NiV-G for ephrinB2 is amongst the strongest viral 

envelope-receptor interactions known (13).  This likely accounts for the extraordinary 



277 
 

specificity of NiVpp for ephrinB2-expressing cells.  We examined whether further 

increasing the efficiency of transduction on a per virion basis without compromising the 

specificity of NiV-G-mediated infection may facilitate the development of NiVpp for 

targeted gene therapy to ephrinB2 expressing cells.  To that end, we generated NiVpp 

with a hyperfusogenic F and wt G.  Our hyper-fusogenic T5FΔN3/wt G NiVpp appeared 

to infect some cell types (CHO-B2, CHO-B3, and U87 cells) twice as well as T5F/wt G 

pseudotypes, but not in other highly permissive cells such as 293T cells and HMVECs, 

where transduction efficiencies of the normo-fusogenic T5F/wt G NiVpp already 

approached that of VSV-Gpp. 

Unexpectedly, in hard-to-transduce stem cell populations such as human ESCs 

and HSCs, the hyper-fusogenic T5FΔN3/wt G pseudotypes also did not show an increase 

in transduction efficiency over T5F/wt G NiVpp.  In addition, both demonstrated similar 

dose-dependent transduction efficiencies that plateaued at a relatively low percentage of 

the putative stem cell population.  Thus, even at a saturating MOI of 1,000, both T5F- 

and T5FΔN3-based NiVpp transduced only ~36% and ~3.5% of SSEA4+ hESCs and 

CD34+ hHSCs, respectively. The limited transduction efficiency seen in human ESCs 

and CD34+ HSCs may be due to ephrinB2 expression only on a subset of these stem cell 

populations. 

In hESCs, which are optimally passaged as colonies of cells, each colony contains 

heterogeneous subpopulations of cells that interact as an “ecosystem” to maintain the 

cardinal properties of hESCs: self-renewal and pluripotency (54, 55).  For example, Stella 

and Nanog expressing subpopulations are biased towards self-renewal, whereas GATA-6 
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expressing subpopulations are more poised towards differentiation, and in between is a 

continuum of cells that contributes to the unique phenotypic properties of each hESC line 

(56).  The ephrinB2+ subpopulation, or rather the fraction of ephrinB2+ cells that is 

maintained in hESC colonies, may be regulated to provide the optimal milieu for 

maintaining the cardinal properties of “stemness”.  This speculation is consistent with the 

known properties of ephrin-eph ligand-receptor interactions (both are receptor tyrosine 

kinases) for maintaining or enforcing tissue and cell type boundaries (57, 58).  Thus, the 

ability to mark a subpopulation of hESCs with NiVpp-mediated transduction provides an 

experimentally tractable tool to examine the role of these ephrinB2+ subsets in hESC 

fate: survival, self-renew and pluripotency. 

On the other hand, only a small subpopulation of CD34+ cells harbors true 

multipotent HSCs capable of long-term (LT) self-renewal, operationally defined by 

multi-lineage reconstitution in immunodeficient NOD-SCID mice.  These LT-SCID 

repopulating cells can be found at least within the CD34+/CD38-/CD90+ subset (44, 59, 

60).  Intriguingly, we found that ephrinB2 is expressed highest in this subset (Fig. D-4F).  

This is also consistent with the finding that ephrinB2 is found in the functional murine 

equivalent of LT-HSC (22).  Moreover, data from Fig. D-4, E-F indicate that the CD38-

/CD90+ subset comprises less than 8% of total CD34+ cells from human fetal liver, 

which is close to but more than the ~3.5% of CD34+ cells infected by NiVpp at maximal 

MOI.  Since LT-SCID repopulating cells are highly enriched in, but do not comprise the 

totality of CD34+/CD38-/CD90+ cells, this raises the possibility that NiVpp may indeed 

be targeting the elusive “true” HSC population within the CD34+/CD38-/CD90+ subset.  
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Functional confirmation will require limiting dilution in LT-SCID repopulating assays, 

which is a focus for future studies.  

We are cognizant that cell-type dependent post-entry restriction factors may limit 

the efficiency of NiVpp transduction no matter how fusogenic we make the F protein to 

be.  However, the extraordinary specificity of NiVpp exhibited by its ability to selectively 

target ephrinB2+ cells even in a 1000-fold excess of ephrinB2-negative cells (Fig. D-3), 

prompted us to examine the transduction efficiency of NiVpp in vivo, especially when the 

NiV pseudotypes are administered intravenously, and therefore subjected not only to 

dilution into the blood and tissue volume, but also to the problem of hepatic clearance, a 

critical barrier for in vivo virus-based gene therapy (23, 24, 61).  Interestingly, when 

VSVpp and NiVpp carrying a luciferase reporter gene were injected into mice 

intravenously, and subsequently subjected to whole animal and organ imaging for D-

luciferin-induced bioluminescent signals, T5FΔN3/wt G pseudotypes demonstrated an 

enhanced signal in the spleen and lungs compared to T5F/wt G (Fig. D-5B).  

Significantly, we did not detect a signal in the liver with either NiVpp as was observed 

with the VSV-G pseudotypes, suggesting that NiVpp could bypass the liver sink.  

However, in vivo bioluminescent imaging has limited sensitivity as signals are generally 

detected only when high local concentrations of cells are transduced (typically >103 to 

104) (62, 63).  Thus, we performed a sensitive PCR based biodistribution study to 

quantify the copy number of genomic vector integrants in these tissues (Fig. D-5C).  This 

PCR assay confirmed that NiVpp did not transduce the liver to any significant level 

above background, while VSV-Gpp clearly could.  
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Rapid clearance and degradation of intravenously administered viral vectors by 

the liver has long been noted as an important obstacle in virus-based gene therapy (23, 

24, 61).  Our data suggests that the NiVpp can effectively bypass the liver sink and target 

ephrinB2+ cells in selected organs in vivo without the need for modifying the intrinsic 

specificity of the receptor binding attachment protein (NiV-G).  Interestingly, our PCR 

based biodistribution studies (Fig. D-5C) showed that both normo- (T5F/wt G) and 

hyper- fusogenic (T5FD3)/wt G) NiVpp could transduce the spleen and lung with 

equivalent efficiencies, which is in contrast to the bioluminescent results (Fig. D-5B).  

Additionally, our biodistribution assay also showed that VSV-Gpp (FG12 vector based) 

could transduce the lung at the same levels as NiVpp, but bioluminescent signals was 

clearly lacking in the lung of VSV-Gpp (FvcF1w vector based) transduced animals.  

VSV-Gpp can transduce a wide array of tissues, and thus the lack of detec 

bioluminescent signals in the lung is likely a reflection of the limits of the detection 

methodology as discussed above.  However, identification of the specific cell populations 

infected in the spleen and lungs is necessary for future optimization of the NiVpp 

platform for targeted gene therapy.  EphrinB2 is expressed highly on endothelial cells, 

smooth muscle cells surrounding some arterioles, and neurons (45, 46).  Unlike ephrinB2, 

ephrinB3 is mostly expressed in the CNS (47).  Our own expression studies on multiple 

cell types and tissues confirm and extend these findings (Table D-1).  As mentioned, 

these expression patterns are in concordance with the tissues that are targeted in the 

context of a natural human Nipah virus infection (64).  Importantly, Table D-I also shows 

that endoderm tissues do not express ephrinB2 or B3.  Indeed, of the major organs 
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examined in a large autopsy series, the liver is one of the few organs that exhibited no 

pathology or presence of any detectable viral antigens (49).  The latter observations are 

consistent with the lack of liver transduction seen with our NiVpp.  In spleen, viral 

antigen staining can be seen in macrophages and multinucleated giant cells.  In the lung, 

viral antigen is most commonly seen in small blood vessels, and less often, in bronchial 

epithelial cells and alveolar macrophages.  Since intravenous administration of NiVpp 

does not reflect the natural mode of NiV infection, determining the cell types transduced 

by NiVpp in the spleen and lung will be an important focus of future studies. 

Altogether, our data demonstrates that we can generate high-titer, concentrated 

stocks (108-109 IU/ml) of NiVpp that can specifically target ephrinB2- and ephrinB3-

positive cells in vitro and in vivo.  Although NiV uses ephrinB3 as an alternate receptor, 

the affinity of NiV-G for ephrinB3 is less than that for ephrinB2 (19).  Nevertheless, 

ephrinB3 is expressed in regions in the CNS where ephrinB2 is lacking, including the 

corpus callosum and spinal cord (65).  Thus, NiV pseudotypes can potentially be used to 

also target these ephrinB3-positive regions.  EphrinB2 has been shown to be upregulated 

in many types of cancer, including ovarian (66), uterine (67), and colon (68).  In the 

appropriate context, inhibition of ephrinB2-ephB4 interactions has resulted in inhibition 

of tumor growth and angiogenesis (69).  In some cases, breast cancer stromal cells over 

express ephB4 to attract tumor angiogenic vessels that overexpress ephrinB2 (70).  Thus, 

NiV pseudotypes can be potentially used to either target appropriate tumors where 

overexpression of ephrinB2 has been linked to poorer prognosis, or antagonize ephrinB2 

interactions with ephB4 to inhibit tumor angiogenesis (reviewed in (20, 21)). 
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Many other viral envelopes have been modified for targeted gene therapy. For 

many of them, the receptor-binding domain and the fusion domain of the envelope are 

produced from a single viral env gene.  Thus, manipulation to enhance receptor-targeting 

specificity is more likely to adversely affect the fusion domain of the envelope protein, 

resulting in low viral titers.  For paramyxoviruses, the receptor-binding attachment 

protein and the fusion protein are produced from two independent viral genes.  

Mechanistic studies as to how receptor binding to the attachment protein leads to 

allosteric triggering of the fusion protein is an area of intense study by many labs 

(reviewed in (9, 13, 50, 51, 71, 72)).  For the henipaviruses, a large body of work has 

accumulated regarding the independent determinants of fusogenicity in F and G.  Thus, F 

can be made even more fusogenic by incorporating other mutations that are already well 

characterized in the literature (4, 27, 28, 73-75).  Indeed, even the specificity and 

fusogenicity of G itself can be optimized based on published structural and functional 

data (5, 13, 39, 40, 52, 53, 76).  Altogether, this confluence of properties makes NiV 

pseudotypes highly attractive for further development as a targeted gene therapy vector 

for in vitro and in vivo applications.  
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Figure D-1 

 

Figure D-1.  Characterization of NiV-F and -G protein variants used for 

pseudotyping of an HIV-1-derived lentiviral vector.  (A) A schematic of the amino 

acid sequences of the cytoplasmic tails of the NiV F (top) and G (bottom) protein variants 

is shown.  T5F is a cytoplasmic tail truncation of NiV-F previously described (27).  The 6 

amino acids to the right is the AU1 tag at the cytoplasmic C-terminus of the F protein.  

Stepwise truncations in the cytoplasmic tail of NiV-G were generated and screened in 
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combination with T5F for the ability to form functional lentivirus pseudotypes.  (B) 

Pseudotyped lentiviruses were made with the FG12 vector where the UbiC promoter 

drives eGFP expression.  Codon-optimized NiV-F and NiV-G genes were transfected at a 

1:1 ratio and supernatants harvested at 48h after transfection.  Serial dilutions of 

unconcentrated viral supernatants were titered on 293T cells.  Cells were examined for 

GFP expression 72h post-transduction by FACS analysis.  Titers are expressed as IU/ml.  

Data shown are averages ± standard deviations from three independent experiments.   
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Figure D-1 (continued) 
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Figure D-1 (cont.) Characterization of NiV-F and -G protein variants used for 

pseudotyping of an HIV-1-derived lentiviral vector. (C) pNL4-3.Luc.R-.E- was 

pseudotyped with VSV-G or NiV envelopes.  293T cells were infected with 0.01 ng, 0.1 

ng, 1 ng, and 10 ng (p24 equivalents) of VSV-G or NiV pseudotypes.  72h post-infection, 

the cells were lysed and analyzed for luciferase activity.  Data shown are averages of 

three replicates ± standard deviations.  (D) Western blot analysis of HIV-1 pseudotyped 
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particles, pseudotyped with VSV-G and NiV wild-type or variant proteins.  NiV-F was 

detected using an anti-AU1 antibody and NiV-G with an anti-HA antibody.  One out of 

three representative experiments is shown.  (E) Virus-like particles (VLPs) were 

produced with NiV β-lactamase-matrix (β-lac-M) and VSV-G, NiV wt F/wt G or NiV 

T5F/wt G envelopes.  Based on densitometry of βla-M blots, equivalent amounts of 

concentrated VLPs were added to 293T cells for 1 hour at 4°C and then incubated with 

CCF2-AM substrate at 37°C.  The blue and green fluorescence ratios were monitored as a 

measure of virus-cell fusion as described in the text and Methods.  Data is presented as 

blue:green ratios every 10 minutes. Kinetic readings up to the 50 minutes time point are 

shown.  Duplicate readings are taken at each time point.  Data shown are averages ± 

standard deviations from three independent experiments.  (F) A VSV-ΔG-Luc core was 

pseudotyped with NiV wt F/wt G or NiV T5F/wt G envelopes as previously described 

(19).  Serial dilutions of unconcentrated viral supernatants were titered on Vero cells.  24 

hours post-infection, the infected cells were lysed and analyzed for luciferase activity.  

Data shown are averages of four replicates ± standard deviations.
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Figure D-2 
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Figure D-2.  NiV T5FΔN3/ wt G hyperfusogenic mutant demonstrates increased 

infectivity in vitro.  (A-C) CHO, CHO-B2, and CHO-B3 cells were infected with 0.01 

ng, 0.1 ng, and 1 ng (p24 equivalents) of NiV envelope or (D) VSV-G lentiviral 

pseudotypes carrying the GFP reporter gene (CHO cells not shown for NiVpp infection).  

Infectivity was determined by the percent of GFP+ cells at 48h post-infection via FACS 

analysis.  The % GFP+ cells in each of the CHO cell lines infected by VSV-Gpp at 

maximal viral input (1 ng) was set at 100%, and all other infections in that cell line were 

normalized to this value.  For reference, at 1 ng, VSV-G infected 20.2% of CHO, 22.7% 
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of CHO-B2, and 21.6% of CHO-B3 cells.  For clarity of comparisons, the relative 

infectivity of T5F/wtG NiVpp versus the hyperfusogenic T5FΔN3/wtG variant on CHO-

B2 and CHO-B3 cells using low (0.01 ng), medium (0.1 ng), or high (1 ng) amounts of 

viral inoculum are shown separately in (A), (B), and (C), respectively.   
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Figure D-2 (continued) 
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Figure D-2 (cont.) NiV T5FΔN3/ wt G hyperfusogenic mutant demonstrates 

increased infectivity in vitro. (E) U87 cells and (F) HMVECs were infected with 

T5F/wt G and T5FΔN3/wt G pseudotypes as described for (A-C) but normalized to VSV-

Gpp infection of the same cell line (U87 or HMVECs) at maximal viral input (1 ng).  For 

reference, at 1 ng, VSV-G infected 36.5% of U87 cells and 14.4% of HMVECs.  

Inhibition by 10 nM of soluble ephrinB2 (sEFNB2) was used to demonstrate specificity 

of NiV receptor-mediated entry.  All pseudotyped particle infections, regardless of 

envelope used, were also abrogated by 5 µM niverapine (NVP), a reverse transcriptase 

inhibitor (data not shown).  Data shown in (A-F) are averages ± standard deviations for 

three independent experiments.  Statistical analyses were performed using a two-way 

ANOVA with Bonferroni post-test comparison using GraphPad PRISMTM.  *: p < 0.05, **: p 

< 0.01, ****: p < 0.0001. 
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Figure D-3 

 

 

Figure D-3.  NiV pseudotypes can specifically target ephrinB2-positive cells in up to 

a 1000-fold excess of ephrinB2-negative cells.  (A) U87 (ephrinB2+) cells were mixed 

with CHO (ephrinB2-) cells at different ratios (U87:CHO ratios = 1:1, 1:10, 1:100, 

and 1:1000) and seeded at a density of 50,000 cells per well in 24-well plates.  The next 

day, cells were infected with 1 or 10 ng of NiV T5F/wt G, T5FΔN3/wt G, and VSV-G 

pseudotypes.  72h post-infection, the cells were harvested and stained with the W6/32 

anti-human HLA-ABC monoclonal antibody and the infection rate (GFP-positive cells) 

was determined by FACS analysis.  Representative FACS plots are shown for data 

acquired on infection of the 1:1 mixture of U87:CHO cells.  Although the cells were 
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seeded and infected at the indicated ratio, the CHO cells divided faster and outgrew the 

U87 cells by about ten-fold in each sample.  Each FACS plot is representative of one of 

the triplicates at 1 ng and one of the duplicates at 10 ng.  Data from 300,000 cells were 

acquired for every condition used for analysis in part B of this figure.   
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Figure D-3 

 

 

Figure D-3 (cont.) NiV pseudotypes can specifically target ephrinB2-positive cells in 

up to a 1000-fold excess of ephrinB2-negative cells.  (B) To take into account the 

differential permissivity of U87 and CHO cells to lentiviral transduction, we first 

calculated the “cell-specific selectivity index” for U87 cells, the U87 SI as 

{B/(A+B)}/{D/(C+D)} where B and D represents the % of infected (GFP+) U87 and 

CHO cells, respectively, and A and C represents their uninfected counterparts, such that 

the total fraction of U87 (A+B) and CHO (C+D) cells in any given mixture upon analysis 

must equal 100%.  A U87 SI of >1 indicates a selective preference for infecting U87 over 

CHO cells.  For VSV-Gpp, the U87 SI at 1 and 10 ng is 5.14 and 1.93, respectively.  This 

likely reflects the receptor-independent preference for U87 over CHO cells due to the 

HIV-1 based vector backbone alone.  The reduction in U87 SI at a higher inoculum of 
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VSV-Gpp is also consistent with the known ability of VSV-G-delivered gag to saturate 

non-human post-entry restriction factors such TRIM5a.  Since VSV-G is not known to 

have a cell-type specific receptor, we calculated the “NiV receptor-specific selectivity 

index”, or the “EphrinB2 SI” as the VSV-G or NiV Env specific U87 SI divided by the 

U87 SI for VSV-G.  This normalizes for differences in the intrinsic permissiveness of 

U87 over CHO cells for lentiviral transduction.  This formulation now allows one to 

evaluate the selectivity of NiVpp for infecting ephrinB2-expressing cells relative to VSV-

Gpp under all conditions analyzed.  The values of the U87 SI and EphrinB2 SI for the 

data shown in (A) are indicated here as an example of our analysis.  (C) The EphrinB2 

Selectivity Index for VSV-Gpp, and NiVpp bearing T5F or T5F-DN3 was calculated for 

all the indicated conditions.  Data shown are averages ± standard deviations for triplicates 

done at 1 ng, and average ± range for duplicates done at 10 ng.
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Figure D-4 
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Figure D-4.  NiV pseudotyped lentiviruses infect human embryonic, neural and 

hematopoietic stem cells.  (A) Increasing amounts of NiV T5F/wt G pseudotypes were 

added to H9 hESCs.  Cells were stained for the cell-surface pluripotency marker, SSEA-

4, and examined for GFP expression 72h post-transduction by FACS analysis.  (B) H1 

and UCLA1 hESC lines were infected with NiV T5F/wt G pseudotypes as in part (A).  

Infection was blocked with 10 nM soluble ephrinB2 or 5 µM nevirapine.  Data shown are 
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averages ± standard deviations from three independent experiments.  (C) H9 hESCs were 

infected with NiV T5F/wt G and T5FΔN3/wt G pseudotypes as in part (A).  One out of 

two representative experiments is shown.   
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Figure D-4 (continued) 
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Figure D-4 (cont.) NiV pseudotyped lentiviruses infect human embryonic, neural 

and hematopoietic stem cells.  (D) Purified CD34+ cells from human fetal liver were 

infected with the indicated NiVpp in the presence or absence of 10 nM sEFNB2 and 5 
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µM NVP.  72h post-transduction, cells were stained for the cell-surface marker, CD34, 

and analyzed for GFP expression by FACS analysis.  One representative donor out of 

three is shown.  (E) CD34+ cells isolated from human fetal liver were stained with 

CD90-FITC, CD34-APC, CD38-PE-Cy7 antibodies and DAPI, and FACS-sorted into the 

4 populations as indicated.  Data shown are averages ± standard deviations from 3 

donors.  (F) RNA was extracted from each cell population indicated in (E) and ephrinB2 

expression was examined by real-time PCR analysis and normalized against GAPDH as 

indicted in methods.  Data shown are averages ± standard deviations from 3 donors.
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Figure D-4 (continued) 
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Figure D-4 (cont.) NiV pseudotyped lentiviruses infect human embryonic, neural 

and hematopoietic stem cells. (G) Neural progenitors were derived from HSF1 hESCs 

and infected with NiVpp.  72h post-transduction, cells were stained for nestin and 

examined by microscopy.  (H) hNSC GFP expression at each M.O.I. (0.01, 0.05, 0.1, 0.5, 

1, 5, 10, and 50) was quantified by FACS analysis.  Data shown in (G) and (H) are from 

one representative experiment out of four. 



299 
 

Figure D-5 
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Figure D-5.  NiV pseudotypes bypass the liver sink in vivo.  (A) The FvcFlw (firefly 

luciferase) vector was pseudotyped with VSV-G and the indicated NiV envelopes.  5-10 

ng of p24 equivalent of each pseudotyped lentivirus was injected into C57/BL6 mice 

through the tail vein.  5 days post-injection, luciferase expression was monitored by CCD 

imaging of the whole animal after injection of the D-luciferin substrate as described in 

methods.  Three mice from three independent experiments are shown per virus.  (B) 

Following whole-body imaging, each organ was isolated and luciferase activity was 

imaged and quantified as in (A).  Three organs from three different mice are shown per 

virus.  
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Figure D-5 (continued) 

 

B

C

Hea
rt

Bone M
arr

ow
Brai

n
Lu

ng

Splee
n

Live
r

Kidney
10-2

10-1

100

101

102

103

104

105

106

107

108

Organs

N
or

m
al

iz
ed

 g
en

om
ic

 G
FP

 c
op

y 
nu

m
be

rs
(F

ol
d-

ov
er

 u
ni

nf
ec

te
d 

co
nt

ro
l)

VSV-G
T5F
T5FD3

*** 

A

T 5F �N3

Front

VSV-G

Back

T5F

T5F �N3

SpleenLiver Lung

VSV-G

T5F

T5F �N3

VSV-  G
T 5F

 

 

Figure D-5 (cont.) NiV pseudotypes bypass the liver sink in vivo. (C) The FG12 

(GFP) vector was pseudotyped with VSV-G and the NiV envelopes.  5 µg of p24 

equivalent of each pseudotyped lentivirus was administered to mice as above.  4 days 

post-injection, the mice were sacrificed and the indicated organs harvested.  Genomic 

DNA was extracted and quantitation of the vector copy number was determined using 

real-time PCR analysis for GFP vector sequences.  GFP copy numbers were normalized 

to HPRT copy numbers.  Normalized GFP copy numbers are presented as fold-increase 

over background numbers obtained from matched organs in an uninfected mouse.  3 mice 

were used for each indicated pseudotyped vector (VSV-G, NiV-T5F, and NiV-T5FD3).  
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The median and range are shown as box plots, using the average of quadruplicates for 

each PCR reaction.  Statistical significance was accessed by t tests corrected for multiple 

comparisons by the Holm-Sidak method in GraphPad PRISMTM 6. ***, p<0.001. 
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Table D-1 

 

Table D-1. Tissue and cell type expression of ephrinB2 and ephrinB3.  A human 

U133plus2.0 array (Affymetrix) was performed on various pluripotent stem cell (PSC)-

derived and primary (fetal and adult) tissues to examine whole genome expression.  

Shown here are the normalized mean expression values from multiple biological repeats 

(> 3).  EphrinB2/B3 (yellow for significant positives), housekeeping genes (grey), and 

cell-specific genes (red) are color coded as indicated. 

 

PSC, Pluripotent Stem Cell  

DE, Definitive Endoderm derived from PSC cultured in chemically defined medium 

(CDM-ABFLY) supplemented with Activin, BMP4, FGF2, and the PI3K inhibitor 

LY294002.  DE gives rise to other endoderm progenitors (pancreatic, endocrine etc.), and 

can retain expression of the POU5F1 pluripotency marker (also called Oct4) during early 

stages of PSCàDE differentiation (77).  
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