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Determinants Of Hiv-1 Transmission Fitness

Abstract
DETERMINANTS OF HIV-1 TRANSMISSION FITNESS

Shilpa S. Iyer

Beatrice H. Hahn

HIV-1 is predominantly transmitted by mucosal routes and almost 80 percent of new infections are initiated
by a single variant. The elucidation of the biological properties of transmitted viruses which distinguish them
from non-transmitted variants are critical for the development of therapeutic interventions. To identify such
properties, we characterized the biology of 300 limiting dilution-derived virus isolates from the plasma and
genital secretions of eight HIV-1 donor and recipient transmission pairs representing the most prevalent
subtypes (B and C). Recipient viruses were more infectious per viral particle as determined on a reporter cell
line, replicated to higher titers and were released more efficiently from infected primary CD4+ T cells than the
corresponding donor isolates. Recipient viruses were more resistant to the inhibitory effects of IFN-α2 and
IFN-β evidenced as higher half-maximal inhibitory concentrations and higher replication at the maximal
doses of IFN-α2 and IFN-β than corresponding donor isolates. Interestingly, pretreatment of CD4+ T cells
with IFN-β, but not IFN-α2 selected donor plasma isolates that exhibited phenotypes similar to transmitted
viruses. This suggests that transmitted variants are distinct and that the selective pressure imposed by type I
interferons may in part be responsible for the bottleneck associated with mucosal transmission. We next
wanted to assess the role of the interferon stimulated gene, tetherin in the antiviral state established by type I
IFNs. Thus, we introduced mutations into the vpu gene of various HIV-1 constructs to specifically disrupt
their Vpu-mediated tetherin antagonism, and determined the effect on replication and release from infected
cells in the presence and absence of IFN-α2. Mutations at key residues in Vpu reduced the viral particle
production and release from infected primary CD4+ T cells and this was particularly evident in IFN-
α2-treated cells. Interestingly, transmitted HIV-1 variants were released to higher levels from infected cells
than chronic control viruses, even in the absence of Vpu. Thus, the counteraction of tetherin resulting in
efficient particle release is an important determinant of the interferon resistance of mucosally transmitted
HIV-1.
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ABSTRACT 

 

DETERMINANTS OF HIV-1 TRANSMISSION FITNESS  

Shilpa S. Iyer 

Beatrice H. Hahn 

 

HIV-1 is predominantly transmitted by mucosal routes and almost 80 percent of new 

infections are initiated by a single variant. The elucidation of the biological properties of 

transmitted viruses which distinguish them from non-transmitted variants are critical for 

the development of therapeutic interventions. To identify such properties, we 

characterized the biology of 300 limiting dilution-derived virus isolates from the plasma 

and genital secretions of eight HIV-1 donor and recipient transmission pairs representing 

the most prevalent subtypes (B and C). Recipient viruses were more infectious per viral 

particle as determined on a reporter cell line, replicated to higher titers and were 

released more efficiently from infected primary CD4+ T cells than the corresponding 

donor isolates. Recipient viruses were more resistant to the inhibitory effects of IFN-α2 

and IFN-β evidenced as higher half-maximal inhibitory concentrations and higher 

replication at the maximal doses of IFN-α2 and IFN-β than corresponding donor isolates. 

Interestingly, pretreatment of CD4+ T cells with IFN-β, but not IFN-α2 selected donor 

plasma isolates that exhibited phenotypes similar to transmitted viruses. This suggests 

that transmitted variants are distinct and that the selective pressure imposed by type I 

interferons may in part be responsible for the bottleneck associated with mucosal 

transmission. We next wanted to assess the role of the interferon stimulated gene, 

tetherin in the antiviral state established by type I IFNs. Thus, we introduced mutations 
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into the vpu gene of various HIV-1 constructs to specifically disrupt their Vpu-mediated 

tetherin antagonism, and determined the effect on replication and release from infected 

cells in the presence and absence of IFN-α2. Mutations at key residues in Vpu reduced 

the viral particle production and release from infected primary CD4+ T cells and this was 

particularly evident in IFN-α2-treated cells. Interestingly, transmitted HIV-1 variants were 

released to higher levels from infected cells than chronic control viruses, even in the 

absence of Vpu. Thus, the counteraction of tetherin resulting in efficient particle release 

is an important determinant of the interferon resistance of mucosally transmitted HIV-1. 
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Section 1.1 – Mucosal transmission of HIV-1 and the associated genetic 

bottleneck 

 

HIV-1 Epidemiology and Transmission Routes 

Human immunodeficiency virus type 1 (HIV-1) is a lentivirus and the causative agent of the 

Acquired Immunodeficiency Syndrome (AIDS). Phylogenetic analyses estimate that HIV-1 

entered the human population in the early 20th century (1). Since its introduction into the human 

population HIV-1 has infected over 70 million people (2)  and killed over 35 million. Despite 

widespread efforts to reduce transmission, 2 million people become infected by HIV-1 annually 

(2). HIV-1 is comprised of four groups – M (main), N (non-M, non-O), O (outlier) and P (3).  These 

groups are the result of 4 independent zoonotic transmissions of a simian immunodeficiency virus 

(SIV) to humans (3) with groups M and N derived from an SIV infecting chimpanzees (SIVcpz) (4) 

and groups O and P resulting from an SIV that infects gorillas (SIVgor) (5, 6). Group M accounts 

for the majority (99%) of all HIV-1 infected individuals worldwide (3, 7)  and, on the basis of 

genetic differences is divided into multiple subtypes namely A, B, C, D, F, G, H, J, K and 

circulating recombinants (8). Subtypes B and C account for most of the group M infected 

individuals with specific geographic distribution (9). Subtype B HIV-1 is predominant in Northern 

America and Western Europe (9), while subtype C infections account for half of all HIV-1 

infections globally (10) and is predominant in India and Sub-Saharan Africa (9), where its 

prevalence is high (as high as 25% in South Africa, ref) (11) (ref).  

Transmission of HIV-1 can occur by mucosal, perinatal and parenteral routes (7) and of 

these, mucosal transmission accounts for approximately 90% of all new infections worldwide (12) 

(7) (2). Heterosexual (HSX) exposure is the predominant route of transmission and is responsible 

for nearly 70% of all infections worldwide (7), with men who have sex with men (MSM) accounting 

for approximately 20% (2). Sexual transmission of HIV-1 is a relatively inefficient process and 
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studies estimate the probability of transmission per sexual exposure to range from 1 in 20 to 1 in 

3000 (12-18) depending on the route of exposure. However, factors like increased donor viral 

load, concomitant sexually transmitted diseases (STD) with resultant inflammation and ulcers, 

altered mucosal microbiota, socioeconomic factors and gender of the recipient can influence 

transmission efficiency (17-36). HIV-1 infection causes the depletion of CD4+ T cells, a subset of 

T cells essential for the proper functioning of the immune system(37) (37-39), Decline in CD4+ 

counts below 200 cells/ul is AIDS-defining (40), results in immunodeficiency, opportunistic 

infections and ultimately death (41-44). Despite the advent of highly active antiretroviral therapy 

(HAART) and other promising intervention strategies (45), a broadly effective vaccine remains the 

most cost effective means to stem this public health problem (46, 47) (48).  

 

 

HIV-1 Entry and Early Events 

Infection by HIV-1 involves the interaction of the viral envelope glycoprotein (Env) with its 

receptor (CD4), a conformational change in Env facilitates binding to coreceptor and entry into 

susceptible target cells (49). C-C chemokine receptor type 5 (CCR5) and C-X-C chemokine 

receptor type 4 (CXCR4) are the primary coreceptors used by HIV-1, of these CXCR4 usage is 

limited and typically occurs in the chronic stage of infection in certain individuals (50) (51), while 

acute viruses predominantly use CCR5 (52-54). For obvious reasons, studying the early events in 

HIV-1 transmission in humans is impractical, and thus much of what is known about transmission 

comes from observations of experimental infections in the simian model of HIV-1 infection 

(SIVmac infection of rhesus macaques) (55). In the next few paragraphs, results from the studies 

of HIV-1 and SIV will be used to describe the early events following exposure. In the SIV model, 

both cell-free (56) and cell associated (57) virus stocks are capable of initiating infection (58), 

using both high challenge doses and  a low-dose escalation strategy. Multiple sites in the female 
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genital tract including the ectocervix, transitional zone, endocervix and the vaginal epithelium 

have been demonstrated to be potential sites of infection(59-61) (62-65) (66). Similarly, foreskin, 

penile tissue and rectum are sites of infection in males (61, 67-71).   

While SIV RNA + cells are observed as early as 2 hours following exposure (62), the 

identity of these initial target cells is still a controversial subject. The main cell type that sustains 

viral replication is activated CD4+ T-cells. However, studies of SIV suggest that myeloid cells 

could be initially infected and transmit virus to underlying CD4+ cells (58, 66, 72-74). 

Alternatively, Haase and colleagues describe a model where resting CD4+ cells are the first cells 

to become infected (62, 65, 75, 76), although these cells are hard to infect in-vitro (77, 78). In a 

third model, predominantly described by Steinman and colleagues describe how dendritic cells 

(DCs) interact with HIV-1 and transfer infectious viral particles to CD4+ T-cells, without 

themselves getting infected (79-81).  

 

Following transmission, a series of viral and host immune markers appear that are 

reproducible across individuals irrespective of virus subtype or route of transmission. This set of 

markers was first described by Fiebig and colleagues and is helpful to stage individuals during 

acute infection (82).  
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Figure 1.1. Stages of infection and the immunopathogenesis of HIV-1 infection. The phases of 

HIV-1 infection can be divided into six, distinct stages (82) based on the appearance of viral RNA, 

the gag antigen, antibodies for HIV-1 proteins, first detectable by ELISA and then by western blot, 

and these are indicated above the viral load curve. The lines beneath the viral load curve indicate 

early events and immune responses in the host, beginning with the establishment of viral latency, 

and the development of CD8 T-cell responses and binding and neutralizing antibodies. Figure 

from (32) 

 

There is an initial eclipse phase before the first detection of virus in the blood, followed by 

the appearance of viral RNA (Fiebig I), viral p24 antigen (Fiebig II), virus specific antibodies 

detected first by ELISA (Fiebig III) and then by western blot (Fiebig IV-VI) (Fig 1.1) (82). Shortly 

after the eclipse phase, there is an exponential increase in viral RNA levels as the virus spreads 

from local expansion in submucosal CD4+ T cells to secondary lymphoid tissue like the gut 
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associated lymphoid tissue (GALT) (7). This exponential viral replication is characterized by a 

high reproductive ratio (R0) of 8 (83).  R0 is a measure of the number of cells that become infected 

by virions produced by a single infected cell. Viruses with an R0 > 1 will result in a spreading 

infection, while viruses with an R0 < 1 will be extinguished (84).  

 

Bottlenecks during mucosal transmission 

Individuals with chronic HIV-1 infections harbor viral populations with extensive genetic 

diversity (85). These intra-patient virus populations are commonly referred to as ‘quasispecies’ 

because they consist of non-identical, yet related viral genomes subjected to constant variation, 

competition and selection pressure (86).  In strong contrast, viral populations in most newly 

infected recipients are far more homogenous (7, 87-92). The narrowing in genetic diversity 

observed during transmission is termed the transmission bottleneck (7, 90). Single genome 

sequencing (SGS) allowed the determination of the extent of the transmission bottleneck, and the 

unambiguous inference of the viral genome that initiated infection, termed the transmitted founder 

(TF) virus (52, 93, 94). This method eliminates Taq polymerase induced errors, template 

switching and non-proportional representation of viral variants, all problems observed with bulk 

PCR followed by cloning and sequencing (95-103) (93). During early acute infection, viral 

evolution occurs in the absence of the adaptive immune response and thus during the earliest 

phases of infection, viral diversification occurs in a random manner (32, 52, 82). 

The stringency of the transmission bottleneck depends to a certain degree on the route of 

transmission (30, 52, 104-107) (Fig 2). Using SGS, multiple studies have shown that 80% of all 

mucosal infections are initiated by a single viral variant (7) (Table 1.1) with HSX transmission 

(81% single variant) associated with a more stringent bottleneck than that observed with MSM 

(62% single variant) (Fig 2).  However, even in HIV-1 transmission by injection drug users (IDU), 

half of all new infections are associated with the transmission of a single variant (106, 107). 
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Taken together, these results indicate that there are likely hurdles to viral infection beyond the 

mucosal surface.   

 

 

Table 1.1 Stringency of HIV-1 transmission by different routes. Transmission by heterosexual 

(HSX) contact is the most stringest, with 80% of new infections initiated by a single transmitted 

variant. This is irrespective of the gender of the donor and recipient. Transmission among men 

who have sex with men (MSM) is less stringent, with close to 40% of new infections being 

Risk 

group 
Study Subjects 

Single  

variant 
Multiple variants Median Range 

 

HSX 

 

Keele 79 65  82% 14  18% 1 1-4 

Abrahams 69 54  78% 15  22% 1 1-5 

Haaland 27 22  82% 5  19% 1 1-6 

  Total 175 141  81% 34 19% 1 1-6 

MSM Keele 22 13  59% 9  41% 1 1-6 

Li 28 18  64% 10  36% 1 1-10 

  Total 50 31  62% 19  38% 1 1-10 

IDU Bar  10 4  40% 6  60% 3 1-16 

Masharsky 13 9 69% 4 31% 1 1-3 

Total 23 13 56% 10 44% 1 1-16 
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initiated by multiple variants, likely associated with the breach in mucosal barrier function. 

Transmission among injection drug users (IDU) is the least stringent with 45% of infections 

initiated by multiple variants, consistent with the absence of a protective mucosal surface. Data 

compiled from (30, 52, 104-107) 

 

 

What are the reasons for the observed transmission bottleneck? The transmission 

bottleneck is a result of selective processes that impact various stages of the transmission 

process (108). (fig 1.2)  
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Fig 1.2 Multiple genetic bottlenecks that can influence the Transmitted founder virus, Chronically 

infected individuals harbor extensive genetic diversity. Viruses from the blood seed the genital 

tract of the donor, potentially resulting in clonally amplified lineages which become genital tract-
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specific. A minor variant from this population is selected for during transmission, resulting in a 

genetically homogenous founder population derived typically from a single viral variant. Evolution 

of the virus In the host, especially in response to the adaptive immune response results in the 

diverse, chronic quasispecies. Figure from (108) 

 

 

Mucosal tissues can form physical barriers to transmission, and likely contribute to the low 

efficiency of HIV-1 transmission. In the female genital tract (FGT), the vagina and ectocervix are 

lined by multilayered squamous epithelium (61). This thick layer of tightly-packed cells prevents 

the contact of virus with underlying target cells. In contrast, the transition zone between the ecto 

and endo – cervix is lined by a single layer of epithelial cells and has an abundance of CD4+ 

target cells, and thus constitutes a site with increased susceptibility (109, 110). In contrast, the 

exposed part of the male genital tract (MGT) is lined by keratinized, stratified squamous epithlium 

and is likely more restrictive for transmission (7, 61, 111). The fact that male circumcision 

decreases the risk of transmission indicates that the penile foreskin is an important route for 

transmission (61, 68, 69, 112). In addition, mucosal cells can release microbial defensins that 

inhibit transmission (113, 114) and mucus that lines these surfaces – cervicovaginal mucus 

(CVM) or rectal mucus can retard viral diffusion (115-117). The importance of this first line of 

defense is underscored by the observation that ulcerative infections and microabrasions during 

sexual contact can mitigate mucosal barrier function(7, 30). The differences in the mucosal 

barriers that transmitted viruses overcome depending on the route of transmission can likely 

influence the phenotypes of these viruses. (31, 108, 118, 119).  

In addition to these physical barriers, viral compartmentalization in different tissues of the 

body (blood, genital tract, lymph nodes) and the selection of specific variants to seed the genital 

tract can contribute to the observed transmission bottleneck (Fig 3). Evidence for genital tract-
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specific viruses has been reported (87, 120-127). Interestingly, Boeras and colleagues have 

demonstrated that the TF is not drawn from the major genital tract viral variant and is in fact a 

minority variant, more related to viruses in the blood (121). Additionally, viruses that are sensitive 

to neutralizing antibodies present in either the semen or cervicovaginal fluid might be prevented 

from transmission (108).  

Concomittant infections of the genital tract can contribute to higher rates of HIV-1 

acquisition and increased frequency of multiple variant transmission by enhancing inflammation 

and immune activation, and providing increased activated target cells (30, 128-131). Beyond the 

mucosa, viral particles must locate and enter subepithelial CD4+ T-cells, undergo replication and 

dissemination to secondary lymphoid tissue(55). Overcoming the innate immune system is an 

important early step in the establishment of infection. Miller and colleagues have shown the 

induction of type I IFN in tissue regions which are SIV+ (132) and recent unpublished data from 

Jake Estes suggests the induction of type I IFN can extinguish early foci of viral replication. Thus 

the selective forces that act at transmission are multiple and might limit seroconversion and the 

numbers of transmitted variants(108).  
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Section 1.2 The host immune response to HIV-1 infection  

 

Exposure to virus, initiates a signaling cascade  that involves the production of cytokines 

like CCL20, MIP1a and others by epithelial cells resulting in the recruitment of plasmacytoid 

dendritic cells (pDCs)  and activated CD4+ T cells generating fresh target cells to fuel the new 

infection (55, 58, 61, 65, 133, 134). Borrow and colleagues measured the levels of 30 plasma 

cytokines and chemokines in sequential plasma samples from acutely infected blood donors 

during the eclipse and early exponential phase of infection (135). This study found that the acute 

phase of HIV-1 replication is characterized by a ‘cytokine storm’ with some cytokines like 

Interferon alpha (IFN-α) and interleukin 15 (IL-15) being produced early and transiently while 

others demonstrate larger (Interferon gama induced protein 10, IP-10) or more sustained 

increases (tumour necrosis factor alpha, TNFa and monocyte chemoattractant protein 1, MCP-1). 

Dendritic cells, both myeloid (mDC) and plasmacytoid (pDC) are responsible for the slower, 

sustained cytokines and rapid, transient cytokines respectively. This cytokine cascade can 

contribute to the control of viral infection including the activation of effector mechanisms like 

natural killer (NK) cells and priming of the adaptive immune response (136-138). Conversely, the 

production of immunostimulatory cytokines can enhance early viral replication through the 

provision of susceptible, target cells (132, 139).  

 

 

The innate immune response to HIV-1: Type I Interferons 

HIV-1 Env-CD4 interactions result in the endocytosis of viral particles into pDCs. Viral 

nucleic acids, particularly RNA in the endosome stimulate toll-like receptor 7 (TLR7), which 

activates pDCs, inducing the secretion of type I Interferon (IFN) (140, 141) via myeloid 
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differentiation primary response gene 88 (MYD88) and interferon regulatory factor 7 (IRF7). 

Alternatively, in other CD4+ cells HIV-1 cDNA is sensed following infection. In these cells, reverse 

transcription products are sensed by cytoplasmic sensors like cyclic GMP-AMP (cGAMP) 

synthase (cGAS) and IFNg – inducible protein 16 (IFI16) (141-144). These sensors signal 

through stimulator of IFN genes (STING) and IRF3. Both of these signaling pathways converge 

on the production of IFN (shown in Fig 1.3). Compared to all the cell types present in the blood, 

pDCs produce 200-1000 times more IFN after microbial microbial exposure (145).

 

Fig 1.3 Intracellular sensing of HIV-1 infection in an infected host. Following binding and 

entry into a cell, reverse transcription products are sensed by cGAS and IFI16 which activate a 
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signaling cascade ultimately resulting in the induction of type I interferons. In addition to cDNA, 

viral RNA can also be sensed by TLR7 in the endosomes of pDCs. Figure from (141) 

 

There are three families of IFN (type I, II and III) of which, type I IFNs are primarily 

responsible for antiviral effects against HIV-1 (141, 146, 147). Type I IFNs consist of 12 alpha 

subtypes, IFN-β, IFNw, IFNe and IFNk (148, 149). These IFNs act in both an autocrine and 

paracrine fashion to signal through the heterodimeric interferon receptor (IFNAR) (150). This 

receptor is made up of two subunits (IFNAR1 and IFNAR2) and ligation of the receptor causes 

downstream signal transduction through the Janus kinase (JAK) and signal transducer and 

activator of transcription (STAT) pathways (151) (ref). STAT1/2 dimers can bind to IRF9, which in 

turn binds to the IFN-stimulated response elements (ISREs) in the promoters of IFN stimulated 

genes (ISGs) (ref). There are over 300 ISGs with anti-viral, anti-tumour, anti-proliferative and 

immunoregulatory activities (152).  

Type I IFNs bind and signal through IFNAR, yet different subtypes are reported to have 

distinct biological functions (153, 154). The IFN subtypes differ in their affinity for receptor 

subunits (152, 154-156), and this coupled with differences in off-rates are thought to be 

responsible for the variety of downstream effects (152). Consistent with this, different subtypes of 

IFN-α inhibit HIV-1 replication to different levels. A recent study (157) found that IFN a8, a14 and 

a6 potently reduced the number of infected cells and the production of infectious viral particles 

while subtypes a21, a1 and a2 had more modest effects. This is relevant and extremely critical to 

verify, as IFN-α2 is most commonly used in clinical trials (158-169). Veazey and colleagues 

demonstrated that the topical application of human IFN beta to vaginal tissue of rhesus 

macaques prevented the animals from simian human immunodeficiency virus (SHIV) acquisition 

(170). This protection was observed despite an increase in immune activation. In this study, the 
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authors mention that IFN b was the most potent at suppressing HIV-1 replication when compared 

to other alpha subtypes.  

While clearly antiviral, recent studies addressing the roles of IFN during acute and 

chronic infection revealed complex and antagontistic effects. Sandler and colleagues found that 

the administration of IFN-α2 to rhesus macaques prior to challenge was protective, and 

associated with the increase in antiviral gene expression, while treatment with an IFN receptor 

antagonist resulted in accelerated progression to AIDS. Paradoxically, prolonged administration 

of IFN caused reduced response to IFN, reduced antiviral gene expression and more rapid loss of 

CD4+ T-cells (171). These findings are consistent with previous studies that found persistently 

elevated levels of IFN and ISGs are associated with increased viral loads (172, 173).  

The levels of endogenous IFN fluctuate over the course of HIV-1 infection. After the rapid 

and transient elevation observed in acute infection, levels of IFN are thought to return to baseline, 

and are undetectable in the plasma of infected individuals (135). However, during chronic 

infection and particularly during progression to AIDS, IFN-α2 levels increase (174, 175), 

accompanied by an increase in viral load and CD4+ T-cell decline. Taken together, these results 

underscore the complex, fine balance between the protective, beneficial and antiviral effects of 

type I IFNs and the detrimental and inflammatory effects, especially observed with prolonged 

exposure. However, in acute infection, elevations in type I IFNs are clearly protective and 

associated with restricting transmission (171, 176, 177).   

 

The adaptive immune response to HIV-1 infection 

The cellular adaptive immune response to HIV-1 is well characterized and associated 

with a decline in peak viremia after acute infection (178). In fact, the speed of activation of HIV-

specific CD8+ T-cells, visible in the first ten days after detectable viremia, and the magnitude of 
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this response govern subsequent immune control and acute phase resolution (179). This 

cytotoxic T-lymphocyte (CTL) response places selective pressure on the virus and is evidenced 

as viral evolution in sites of CTL pressure, outgrowth of viral escape mutants and the replacement 

of the wildtype infecting strain (180, 181). Importantly, the depletion of CD8+ T cells in the simian 

model of AIDS demonstrated the role that these cells play in early viral control and decline from 

peak viremia (182).  

The humoral response to HIV-1 arises early in infection, resulting in the production of 

binding antibodies (Ab) with no discernible effect on viremia and that do not exert selective 

pressure on the acute virus (183). Neutralizing antibodies (Nab) are those that bind viral particles 

and prevent them from infecting target cells. These Nabs appear later in infection and are limited 

in their breadth of neutralization, that is, they can neutralize the virus in the individual in which 

they arose but cannot neutralize a virus from a different individual. These Nabs are potent 

enough however, to drive virus escape as evidenced by the selection of escape mutations (183, 

184).  

Adaptive immune responses drive viral evolution and can thus impact disease 

progression. Shortly after transmission, HIV-1 establishes a reservoir of latently infected cells 

(185, 186). These latently-infected cells harbor integrated proviruses, are generally not 

permissive for viral gene expression, are extremely long-lived and present the major hurdle to 

curing HIV-1 infection(185). Given this, the virus might be most vulnerable early in infection 

between the eclipse phase and peak viremia. This leaves a small window of opportunity for 

interventions (187) and hence it is of interest to determine the properties of the transmitted virus 

because interventions and vaccines aimed at blocking transmission would need to target any 

specific features of the transmitted virus.  

 

 



	
	

17	

Section 1.3 Transmitted Variants: Genetic and Biological traits 

Single genome amplification followed by direct amplicon sequencing (SGS) made 

possible the inference and enumeration of transmitted variants (52, 93). The unambiguous 

description of the viral genome that initiated and founded clinical infection, allowed the 

comparison of genetic features of TF and non-transmitted variants. As Env is the first viral protein 

to interact with host cells, many early studies focused on this protein (118, 188-193). A functional 

Env is a trimer of heterodimers. Each heterodimer is made up of a surface unit (gp120) and a 

transmembrane portion (gp41). Surface unit gp120 is made up of both constant regions and 

variable loops, and is a heavily glycosylated protein (49). Env sequences from individuals with 

acute subtype C infections have been reported to have fewer potential N-linked glycosylation 

sites (PNLGs) and shorter variable loops when compared to Env sequences from respective 

donors or unmatched random chronically infected individuals (118, 190). However, many of the 

findings are not reproducible across cohorts or viral subtypes. Indeed, in studies of subtype B 

viruses, researchers have often found no differences in either the length of the variable loops or 

PNLGs (188, 192, 194, 195) or found differences in only the PNLGs (196). In studies of subtype 

A and D viruses, recipient viruses have been reported to have shorter variable loops (191, 192), 

but either the same (191) or fewer PNLGs (192). Comparisons of Env sequences from acutely 

infected individuals to all sequences in the Los Alamos National Laboratory HIV sequence 

database yielded shorter variable loops and fewer PNLGs for subtype A but not subtype B (192). 

Thus, while these Env genotypic features appear to be selected in certain cohorts and subtypes, 

they are not easily generalizable. Additionally, some of these differences can be attributed to 

differences in the populations and cohorts studied.  

TF viruses have been shown to be more closely related to minor variants in the donor 

quasispecies (121). A large signature analysis study of subtype B Env sequences identified 

transmitted signatures in the signal peptide and in gp120, the latter involved the loss of a glycan 

which has been shown to be associated with immune escape (197).  A recent study comparing 
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sequences from 137 transmission pair donors and recipients and found that recipient sequences 

were closer to the subtype consensus sequence than the matched donor sequences (31). The 

transmission of more ‘ancestral’ forms has been described previously (198-201)  and is 

interpreted to indicate the transmission of more ‘fit’ viruses. In fact, in chronically infected 

individuals, viruses with immune escape mutations often infer a fitness cost (181, 184, 202-207). 

Upon transmission to a naïve recipient, these mutations often revert to consensus amino acid 

residues (208). The suggestion that more ancestral genomes were indicative of higher fitness 

merited an investigation into the biological properties of TF viruses. 

The most widely observed, robust finding is that transmitted variants use CCR5 as a 

coreceptor for entry (52, 53, 118, 188, 189, 193). Multiple studies have interrogated the efficiency 

of receptor and coreceptor usage, hypothesizing that efficient viral replication might require 

enhanced receptor binding. However, no differences between TF and chronic Envs have been 

reported in the efficiency and speed of fusion of viral Envs with CD4 (188, 189), and TF viruses 

have been reported to require high levels of CD4 to mediate entry (118). Additionally, subtype B 

and C TF Envs were indistinguishable from chronic Envs in their entry into different primary CD4+ 

T-cell subsets (188, 189). While some reports have identified the integrin a4b7 as a molecule 

preferentially bound by TF Envs (209)(Arthos), a subsequent study looked at a larger panel of 

Envs and failed to see these differences (189). We and others have observed that TF Envs are 

more sensitive to inhibition by maraviroc, a drug that blocks Env- CCR5 interactions, and this is 

observed for both subtypes B and C (118, 193).  

These previous studies have focused on Env in isolation, and to more thoroughly study 

TF biology, the interrogation of other viral proteins is important. A comprehensive study of full-

length replication competent viruses from subtypes B and C found TF viruses have more Env per 

particle, were more infectious, interacted more efficiently with DC, were transferred more 

efficiently from DC to CD4+ T-cells and were more resistant to IFN-α (54). The caveat to this 

study was that the acute and chronic viruses were derived from unmatched individuals. In 
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agreement with the results from Parrish and colleages, Fenton-May et al., found that transmitted 

viruses were resistant to IFN-α, and that this resistance declined six months after transmission 

(210). In this study, the authors compared the IFN-α resistance of the TF from an infected subject 

to the consensus virus six months later. To determine if these properties were observed in 

viruses from linked donors and recipients, subsequent studies used known transmission pairs 

(195, 201). Surprisingly, these studies did not reproduce Parrish and colleagues’ findings. They 

found that recipient viruses were equally infectious and have similar replicative capacity (195, 

201). Deymier et al found that recipient viruses were equally resistant to IFN-α, while Oberle and 

colleagues found recipient viruses to be slightly more sensitive to IFN-α. Limited sampling of the 

donor and the source of the donor viruses were caveats in these studies that might have resulted 

in their findings. Thus, while there are hints that transmitted viruses are distinguished by genetic 

and biological properties, a more thorough investigation, with larger panels of viruses are 

warranted.   
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Section 1.4 HIV-1: accessory proteins and ISG counteraction 

HIV-1 has a positive sense RNA genome that encodes three structural proteins –group-

specific antigen (gag), polymerase (pol) an envelope (env)  and 2 regulatory proteins – 

transactivator of transcription (tat) and regulator of expression of virion proteins (rev) (211). In 

addition, the virus encodes four accessory proteins, so named because they were believed to be 

dispensible for replication in-vitro (212). They are virion infectivity factor (vif), viral protein r (vpr), 

viral protein u (vpu) and negative factor (nef). Their organization is shown in Fig 1.4  

 

 

 

Fig 1.4 Genomic organization of the coding and non-coding regions of HIV-1. Viral polyproteins 

and their constituent proteins are indicated. In addition, exons and splice junctions of accessory 

proteins are indicated. The genes are organized by reading frame and aligned to HXB2 as a 

reference. Figure from http://www.hiv.lanl.gov/ 

 

 

The four accessory proteins are involved in escape from and manipulation of innate and 

adaptive immune responses (213). None of these proteins have enzymatic activity; instead they 

act as molecular adaptors linking their targets to the host degradation pathway (214). Multiple 

host proteins termed restriction factors act in concert to restrict various stages of the viral life 
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cycle. These factors are distinguished by being inducible by type I IFNs, encoded by the 

germline, under positive Darwinian selection and they are frequently counteracted by viral 

proteins (141). These factors act to restrict virus replication and transmission between individuals 

of the same species but also can act as barriers to cross-species transmission events (3, 215-

217). 

 

A role for Vif was identified by researchers who observed a reduction in viral infectivity of 

Vif deficient viruses in primary CD4+ T-cells and certain cell lines (218-221). Sheehy and 

colleagues identified apolipoprotein B mRNA-editing enzyme, catalytic polypeptide like 3G 

(APOBEC3G) as the host protein that is packaged into viral particles and deaminates nascent 

reverse trancripts (222). This deamination results in the insertion of alanines in place of guanines 

during second strand cDNA synthesis, and is referred to as G-A hypermutation. A3G is a member 

of the A3 family of type I IFN-inducible, cytidine deaminase proteins, and A3 D, E, F, G and H are 

reported to have anti-HIV activity (223). A3G deamination results in hypermutated viral DNA, 

which can either be destroyed prior to integration or might integrate, largely encoding defective 

viruses. Binding of A3G to nascent trancsripts can also inhibit reverse transcription and block the 

process of integration (223). In the presence of Vif, members of the CUL5-EloB/ C-RBX2-E2 

complex are recruited to A3, resulting in their polyubiquitination and proteosomal degradation. 

Thus, A3G is excluded from the viral particle and cannot influence infectivity in the subsequent 

round of infection(223).  

 

Vpu was first shown to be important for the efficient release of viral particles from certain 

cell types (224-227). Based on the requirement for Vpu, cells could be classified as permissive 

and non-permissive. In the absence of vpu, in non-permissive cells, virions stay associated with 

the infected cell surface (226), held there by a proteinaceous tether (228, 229), and are thus not 
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released efficiently (226, 230). The responsible host protein, tetherin/ CD317/ BST2 (229, 231) is 

IFN-α inducible (228, 229) and retains viral particles which can then  be endoctyosed (228, 230).  

Tetherin is a transmembrane protein with a C-terminal glycosylphophatidylinositol (GPI) anchor. It 

is expressed on cells as a short and long isoform due to the presence of an internal initiation 

codon (232), both of which are restrictive, but only the long form retains Vpu sensitivity. Vpu 

directs the ubiquitination and lysosomal degradation of tetherin via linking it to the adaptor b-

TRCP(233).  While tetherin can inhibit virus release, its role in the restriction of virus replication is 

contentious. Some groups have reported the ability of cell-cell spread of HIV-1 to overcome 

restriction by tetherin (234), while others have demonstrated that tetherin can restrict both cell-

free and cell-cell spread of HIV-1(235). Thus, it appears that tetherin at least plays an important 

role in limiting cell-free virus production, which could influence transmission.   

 

Vpu is not the only lentiviral protein capable of antagonizing tetherin. Certain SIVs and 

HIV-2 use Nef and Env respectively to counteract tetherin, underscoring the importance of the 

counteraction of this restriction factor (214). SIVcpz and SIV gor viruses utilize their Nef protein to 

counteract tetherin. Human tetherin has a 5 amino acid deletion in the N-terminal cytoplasmic 

region. This deletion renders human tetherin resistant to antagonism by Nef, whose binding site 

overlaps with this region (215, 236). Upon cross-species transmission of SIVcpz to humans, HIV-

1 M adapted to use Vpu to counteract this host protein, switching from interacting with the 

cytoplasmic domain using Nef to the transmembrane domain using Vpu (215). Indeed this 

adaptation is believed to be critical for HIV-1’s effective spread in the human population (3). 

Among the groups of HIV-1, M and N use Vpu to antagonize tetherin, although the latter is very 

inefficient (215, 237). Previous reports indicate that groups O and P Vpu proteins do not 

counteract tetherin (215, 236, 238-240).  
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In addition to the counteraction of tetherin, Vpu also downmodulates CD4 and NFkB. The 

downregulation of CD4 prevents viral superinfection of an infected cell and prevents the 

interaction of CD4 and Env intracellularly, thus freeing newly synthesized Env for incorporation 

into particles and viral release (241-244). NFkB can induce antiviral gene expression, and thus 

especially in late stages of viral replication, its expression can be disadvantageous. Vpu proteins 

of different SIVs and HIV-1 downregulate NFkB, thus preventing sensing of the virus, and 

downstream antiviral effector expression (245, 246). Thus, in addition to the counteraction of 

ISGs, accessory proteins also interfere with viral sensing to avoid the induction of type I IFNs. 

 

Vpr has been reported to induce cell cycle arrest at the G2/M transition (247-249). More 

recently, Vpr has been demonstrated to interact with the SLX4 scaffold protein and structure-

specific endonucleases. The formation of this complex (SLX4com) results in its activation and 

thus G2/M cell cycle arrest. The activation of SLX4com is beneficial to HIV-1 replication through 

the impairment of the host cell’s ability to sense infection and induce type I IFN production (250, 

251). Following activation of the complex, endonucleases degrade viral transcripts enabling the 

virus to escape detection by the host innate immune mechanism (250).  

 

Nef is an early viral protein, whose expression while dispensable in vitro, is crucial for the 

maintenance of high viral loads in HIV-1 infected humans and SIV infected macaques in vivo 

(252, 253) (254). Nef, similar to Vpu, downregulates CD4 from the cell surface (255), and in doing 

so prevents cell death by the possible recognition of Env-CD4 complexes by antibody-dependent 

cell-mediated cytotoxicity (ADCC) (256, 257).  While Vpu targets newly synthesized CD4 in the 

endoplasmic reticulum (ER), Nef, by virtue of being an early protein, targets CD4 expressed on 

the cell surface. Nef recruits adaptor protein 2 (AP-2) and induces the clathrin-dependent 

endocytosis of CD4 and ultimately its degradation (258). In addition to CD4, Nef also 
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downmodulates major histocompatibility complex 1 (MCH I) from the cell surface. This reduces 

the presentation of viral antigens to CD8+ T cells and thus prevents infected cell death (ref). Nef 

also regulates NFkB expression (259). NFkB has a dual role during viral infection, early in 

infection it binds to the long terminal repeat (LTR) in the integrated provirus and stimulates 

transcription (ref), while late in the life cycle its expression can enhance viral sensing. Nef, 

induces the levels of NFkB early in the viral life cycle, thereby inducing transcription and viral 

replication (260).  

 

Nef has additionally been shown to be crucial to promote viral infectivity (ref). It was thus 

hypothesized that Nef altered the cell surface expression and potential incorporation of a cellular 

factor that limited virion infectivity (261). Two groups recently identified this protein as Serine 

incorporator (SERINC) 3 and 5 (262, 263). SERINC proteins do not inhibit Env fusion with the 

target cell, instead they block infection at the expansion of the fusion pore(264). However, 

SERINC is not IFN-α inducible, and is thus not considered a restriction factor, but a cell intrinsic 

viral factor. Lastly, as mentioned above many SIVs use their Nef proteins to counteract tetherin. 

While groups M and N use their Vpu protein to antagonize this host protein, groups O and P do 

not, and in fact previous studies suggest that neither has evolved an efficient protein capable of 

counteracting tetherin(215, 238, 239). While consistent with the limited spread of group P viruses 

in the population, it is puzzling how group O viruses have infected nearly 100,000 people in the 

absence of an efficient tetherin antagonist.  
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Conclusions 

In sum, mucosal transmission of HIV-1 is characterized by a stringent bottleneck. While 

genetic and phenotypic signatures of transmission have been described for Env proteins, these 

have not been extended to other viral proteins. Determining the biological phenotypes of full-

length, mucosally transmitted HIV-1 will enable a more precise understanding of the processes 

that limit transmission. I hypothesize that transmitted viruses are characterized by unique 

biological properties that distinguish them from non-transmitted donor viruses. In addition, these 

properties will enable the successful transmission across mucosal surfaces, and enable efficient 

viral replication in a newly infected recipient. In Chapter 2, I investigate the properties of 

transmitted viruses by comparing them to non-transmitted variants in the context of established 

transmission pairs. Evaluating the role of restriction factors and their contribution to the mucosal 

bottleneck could reveal interesting and novel therapeutic angles. Specifically, in chapter 3, I 

address the contribution of tetherin to the antiviral state established by IFN-α. Complimentary to 

this, I determine the importance of Vpu in overcoming IFN-mediated HIV-1 restriction.   

 

 

 

 

 

 

 

 



	
	

26	

 

Section 1.5 Chapter References  

 

 

 

1. Korber BT, Muldoon M, Theiler JP, Gao F, Gupta R, Lapedes AS, Hahn BH, 
Wolinsky S, Bhattacharya T. 2000. Timing the Ancestor of the HIV-1 
Pandemic Strains. Science 288:1–9. 

2. WHO-UNAIDS. 2016. Global AIDS Update 2016 1–16. 

3. Sharp PM, Hahn BH. 2011. Origins of HIV and the AIDS Pandemic. Cold 
Spring Harbor perspectives …. 

4. Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, Michael SF, 
Cummins LB, Arthur LO, Peeters M, Shaw GM, Sharp PM, Hahn BH. 1999. 
Origin of HIV-1in the chimpanzeePan troglodytes troglodytes 397:1–6. 

5. D’arc M, Ayouba A, Esteban A, Learn GH, Boué V, Liegeois F, Etienne L, 
Tagg N, Leendertz FH, Boesch C, Madinda NF, Robbins MM, Gray M, 
Cournil A, Ooms M, Letko M, Simon VA, Sharp PM, Hahn BH, Delaporte E, 
Mpoudi Ngole E, Peeters M. 2015. Origin of the HIV-1 group O epidemic in 
western lowland gorillas. Proceedings of the National Academy of Sciences 
112:E1343–E1352. 

6. Plantier J-C, Leoz M, Dickerson JE, De Oliveira F, Cordonnier F, Lemée V, 
Damond F, Robertson DL, Simon F. 2009. BRIEF COMMUNICATIONS. 
Nature Publishing Group 1–2. 

7. Shaw GM, Hunter E. 2012. HIV transmission. Cold Spring Harb Perspect Med 
2. 

8. Gaschen B, Taylor J, Foley BT, Gao F, Lang D, Novitsky VA, Haynes BF, 
Hahn BH, Bhattacharya T, Korber BT. 2002. Diversity Considerations in HIV-1 
Vaccine Selection 296:1–8. 

9. Buonaguro L, Tornesello ML, Buonaguro FM. 2007. Human 
Immunodeficiency Virus Type 1 Subtype Distribution in the Worldwide Epidemic: 
Pathogenetic and Therapeutic Implications. Journal of Virology 81:10209–



	
	

27	

10219. 

10. Hemelaar J, Gouws E, Ghys PD, Osmanov S. 2011. Global trends in 
molecular epidemiology of HIV-1 during 2000–2007. AIDS 25:679–689. 

11. De Cock KM, Jaffe HW, Curran JW. 2012. The evolving epidemiology of 
HIV/AIDS. AIDS 26:1205–1213. 

12. Hladik F, McElrath MJ. 2008. Setting the stage: host invasion by HIV. Nat Rev 
Immunol 8:447–457. 

13. McElrath MJ, De Rosa SC, Moodie Z, Dubey S, Kierstead L, Janes H, 
Defawe OD, Carter DK, Hural J, Akondy R, Buchbinder SP, Robertson MN, 
Mehrotra DV, Self SG, Corey L, Shiver JW, Casimiro DR, Team TSSP. 2008. 
HIV-1 vaccine-induced immunity in the test-of-conceptStep Study: a case–
cohort analysis. The Lancet 372:1894–1905. 

14. Powers KA, Poole C, Pettifor AE, Cohen MS. 2008. Rethinking the 
heterosexual infectivity of HIV-1: a systematic review and meta-analysis. The 
Lancet Infectious Diseases 8:553–563. 

15. Boily M-C, Baggaley RF, Wang L, Masse B, White RG, Hayes RJ, Alary M. 
2009. Heterosexual risk of HIV-1 infection per sexual act: systematic review and 
meta-analysis of observational studies. The Lancet Infectious Diseases 9:118–
129. 

16. Baggaley RF, White RG, Boily MC. 2010. HIV transmission risk through anal 
intercourse: systematic review, meta-analysis and implications for HIV 
prevention. International Journal of Epidemiology 39:1048–1063. 

17. Shaw GM, Hunter E. 2012. HIV Transmission. Cold Spring Harb Perspect Med 
2:a006965–a006965. 

18. Wawer MJ, Gray RH, Sewankambo NK, Serwadda D, Li X, Laeyendecker O, 
Kiwanuka N, Kigozi G, Kiddugavu M, Lutalo T, Nalugoda F, Wabwire-
Mangen F, Meehan MP, Quinn TC. 2005. Rates of HIV-1 Transmission per 
Coital Act, by Stage of HIV-1 Infection, in Rakai, Uganda. Journal of Infecectious 
Diseases 191:1–7. 

19. Pilcher CD, Price MA, Hoffman IF, Galvin S, Martinson FEA, Kazembe PN, 
Eron JJ, C MW, Fiscus SA, Cohen MS. 2004. Frequent detection of acute 
primary HIV infection in men in Malawi. AIDS 18:1–8. 

20. Pilcher CD, Tien HC, Eron JJ, Vernazza P, Leu S-Y, Stweart PW, Goh L-E, 
Cohen MS. 2004. Brief but Efficient: Acute HIV Infection and the Sexual 
Transmission of HIV. Journal of Infecectious Diseases 189:1–8. 

21. Pietro L Vernazza, Eron JJ, Fiscus SA, Cohen MS. 1999. Sexual 



	
	

28	

transmission of HIV: infectiousness and prevention. AIDS 13:1–12. 

22. Baeten JM, Kahle E, Lingappa JR, Coombs RW, Delany-Moretiwe S, Nakku-
Joloba E, Mugo NR, Wald A, Corey L, Donnell D, Campbell MS, Mullins JI, 
Celum C. 2011. Genital HIV-1 RNA Predicts Risk of Heterosexual HIV-1 
Transmission. Science Translational Medicine 3:1–11. 

23. Butler DM, Smith DM, Cachay ER, Hightower GK, Nugent CT, Richman DD, 
Little SJ. 2008. Herpes simplex virus 2 serostatus and viral loads of HIV-1 in 
blood and semen as risk factors for HIV transmission among men who have sex 
with men. AIDS 22:1–5. 

24. Moss WJ, Ryon JJ, Monze M, Cutts F, Quinn TC, Griffin DE. 2002. 
Suppression of Human Immunodeficiency Virus Replication during Acute 
Measles. Journal of Infecectious Diseases 185:1–8. 

25. Watt G, Kantipong P, Jongsakul K. 2003. Decrease in Human 
Immunodeficiency Virus Type 1 Load during Acute Dengue Fever. Clin Infect 
Dis 36:1–3. 

26. Anzala AO, Simonsen JN, Kimani J, Ball BT, Nagelkerke NJD, Rutherford J, 
Ngugi EN, Bwayo J, Plummer FA. 2000. Acute Sexually Transmitted Infections 
Increase Human Immunodeficiency Virus Type 1 Plasma Viremia, Increase 
Plasma Type 2 Cytokines,and Decrease CD4 Cell Counts. Journal of 
Infecectious Diseases 182:1–8. 

27. Cohen MS, Hoffman IF, Royce RA, Kazembe P, Dyer JR, Daly CC, Zimba D, 
Vernazza P, Maida M, Fiscus SA, Eron JJ. 2005. Reduction of concentration 
of HIV-1 in semen after treatment of urethritis: implications for prevention of 
sexual transmission of HIV-1. The Lancet 349:1–6. 

28. Malott RJ, Keller BO, Gaudet RG, McCaw SE, Lai CCL, Dobson-Belaire WN, 
Hobbs JL, St Michael F, Cox AD, Moraes TF, Gray- Owen SD. 2013. 
Neisseria gonorrhoeae-derived heptose elicits an innate immune response and 
drives HIV-1 expression. Proceedings of the … 110:1–6. 

29. Nagot N, Ouedraogo A, Foulongne V, Konate I, Weiss HA, Vergne L, Defer 
M-C, Djagbare D, Sanon A, Andonaba J-B, Becquart P, Segondy M, Vallo R, 
Sawadogo A, de Perre PV, Mayaud P. 2007. Reduction of HIV-1 RNA Levels 
with Therapy to Suppress Herpes Simplex Virus. N Engl J Med 356:1–10. 

30. Haaland RE, Hawkins PA, Salazar-Gonzalez J, Johnson A, Tichacek A, 
Karita E, Manigart O, Mulenga J, Keele BF, Shaw GM, Hahn BH, Allen SA, 
Derdeyn CA, Hunter E. 2009. Inflammatory Genital Infections Mitigate a Severe 
Genetic Bottleneck in Heterosexual Transmission of Subtype A and C HIV-1. 
PLoS Pathog 5:e1000274. 

31. Carlson JM, Schaefer M, Monaco DC, Batorsky R, Claiborne DT, Prince JL, 



	
	

29	

Deymier MJ, Ende Z, DeZiel CE, Tien-Ho L, Peng J, Seese AM, Shapiro R, 
Frater J, Ndung'u T, Tang J, Goepfert P, Gilmour J, Price MA, Kilembe W, 
Heckerman D, Goulder PJR, Allen TM, Allen S, Hunter E. 2014. Selection 
bias at the heterosexual HIV-1 transmission bottleneck 1–13. 

32. Cohen MS, Shaw GM, McMichael AJ, Haynes BF. 2011. Acute HIV-1 
Infection. N Engl J Med 364:1943–1954. 

33. Ülgen Semaye Fideli, Allen SA, Musonda R, Trask S, Hahn BH, Weiss HA, 
Mulenga J, Kasolo F, Vermund SH, Aldrovandi GM. 2001. Virologic and 
Immunologic Determinants of Heterosexual Transmission of Human 
Immunodeficiency Virus Type 1 in Africa. AIDS Research and Human 
Retroviruses 17:1–10. 

34. Burgener A, McGowan I, Klatt NR. 2015. HIV and mucosal barrier interactions: 
consequences for transmission and pathogenesis. Current Opinion in 
Immunology 36:22–30. 

35. Quinn TC, Wawer MJ, Sewankambo NK, Serwadda D, Li C, Wabwire-
Mangen F, Meehan MP, Lutalo T, Gray RH. 2000. Viral Load and 
Heterosexual Transmission of Human Immunodeficiency Virus Type 1 342:1–9. 

36. El-Sadr WM, Mayer KH, Hodder SL. 2010. AIDS in America - Forgotten but not 
Gone. N Engl J Med 362:965–967. 

37. Klatzmann D, Barre-Sinoussi F, Nugeyre MT, Dauguet C, Vilmer E, Griscelli 
C, Brun-Vezinet F, Rouzioux C, Gluckman JC, Chermann J-C, Montagnier 
L. 1984. Selective tropism of Lymphadenopathy associated virus (LAV) for 
helper-inducer T lymphocytes. Science 225:1–6. 

38. Ho DD, Neumann AU, Perelson AS, Chen W, Leonard JM, Markowitz M. 
1995. Rapid turnover of plasma virions and CD4 lymphocytes in HIV-1 infection. 
Nature 373:123–126. 

39. Klatzmann D, Champagne E, Chamaret S, Gruest J, Gueyard D, Hercend T, 
Gluckman JC, Montagnier L. 1994. T-lymphocyte T4 molecule behaves as the 
receptor for human retrovirus LAV. Nature 312:1–2. 

40. Mocroft A, Furrer HJ, Miro JM, Reiss P, Mussini C, Kirk O, Abgrall S, Ayayi 
S, Bartmeyer B, Braun D, Castagna A, d'Arminio Monforte A, Gazzard B, 
Gutierrez F, Hurtado I, Jansen K, Meyer L, Munoz P, Obel N, Soler-Palacin 
P, Papadopoulos A, Raffi F, Ramos JT, Rockstroh JK, Salmon D, Torti C, 
Warszawski J, de Wit S, Zangerle R, Fabre-Colin C, Kjaer J, Chene G, 
Grarup J, Lundgren JD, for the Opportunistic Infections Working Group on 
behalf of the Collaboration of Observational HIV Epidemiological Research 
Europe (COHERE) study in EuroCOORD, Mocroft A, Furrer H, Miro JM, 
Reiss P, Mussini C, Kirk O, Abgrall S, Ayayi S, Bartmeyer B, Braun D, 
Castagna A, d'Arminio Monforte A, Gazzard B, Gutierrez F, Hurtado I, 



	
	

30	

Jansen K, Meyer L, Munoz P, Obel N, Soler-Palacin P, Papadopoulos A, 
Raffi F, Ramos JT, Rockstroh J, Salmon D, Torti C, Warszawski J, de Wit S, 
Zangerle R, Fabre-Colin C, Kjaer J, Chene G, Grarup J, Lundgren JD, 
Lundgren J, Miiro J, Palacin PS, Torti C, Warszawski J, Rockstroh J, 
Ramos J, Miro JM, Munoz P, Judd A, Warszawski J, Haerry D, Weller I, 
Casabona J, Costagliola D, d'Arminio Monforte A, Battegay M, Prins M, de 
Wolf F, Colin C, Schwimmer C, Touzeau G, Campbell M, Bohlius J, 
Bouteloup V, Bucher H, Cozzi-Lepri A, Dabis F, Dorrucci M, Egger M, 
Engsig F, Lambotte O, Lewden C, Lodwick R, Matheron S, Miro J, Paredes 
R, Phillips A, Puoti M, Reekie J, Sabin C, Scherrer A, Smit C, Sterne J, 
Thiebaut R, Thorne C, Wyl von V, Wittkop L, Young J. 2013. The Incidence 
of AIDS-Defining Illnesses at a Current CD4 Count >=200 Cells/ L in the Post-
Combination Antiretroviral Therapy Era. Clin Infect Dis 57:1038–1047. 

41. S GM, Schroff R, Schanker HM, Weisman JD, Fan PT, Wolf RA, Saxon A. 
1981. Pneumocystis carinii pneumonia and mucosal candidiasis in previously 
healthy homosexual men. N Engl J Med 305:1–7. 

42. Masur H, Michelis MA, Greene JB, Onorato I, Stouwe RAV, Holzman RS, 
Wormser G, Brettman L, Lange M, Murray HW, Cunningham A. 1981. An 
outbreak of community- acquired pneumocystis carinii pneumonia. N Engl J Med 
305:1–8. 

43. Small CB, Klein RS, Friedland GH, Moll B, Emeson EE, Spigland I. 1983. 
Community-Acquired Opportunistic Infections and Defective Cellular Immunity in 
Heterosexual Drug Abusers and Homosexual Men. American Journal of 
Medicine 74:1–9. 

44. Masur H, Ognibene FP, Yarchoan R, Shelhamer JH, Baird BF, Travis W, F 
SA, Deyton L, Kovacs JA, Falloon J, Davey RT, Polis M, Metcalf JA, 
Baseler MW, Wesley R, Gill VG, Fauci AS, Lane HC. 1989. CD4 Counts as 
Predictors of Opportunistic Pneumonias in Human Immunodeficiency Virus 
(HIV) Infection. Annals of internal medicine 111:1–9. 

45. PhD PNSP, PhD DSIM, MBChB SSAK, PhD NH, MD JK, MEd MB, MD EK, 
MD SMB, MD BS, MD PMSC. 2011. HIV prevention transformed: the new 
preventionresearch agenda. The Lancet 378:269–278. 

46. Modlin JF. 2012. Inactivated polio vaccine and global polio eradication. The 
Lancet Infectious Diseases 12:93–94. 

47. Henderson DA. 2011. The eradication of smallpox – An overview of the past, 
present, and future. Vaccine 29:D7–D9. 

48. Haynes BF, Shaw GM, Korber B, Kelsoe G, Sodroski J, Hahn BH, Borrow 
P, McMichael AJ. 2016. HIV-Host Interactions: Implications for Vaccine Design 
1–12. 



	
	

31	

49. Wilen CB, Tilton JC, Doms RW. 2012. HIV: Cell Binding and Entry. Cold 
Spring Harb Perspect Med 2:a006866–a006866. 

50. Connor RI, Sheridan KE, Ceradini D, Choe S, Landau NR. 1997. Change in 
Coreceptor Use Correlates with Disease Progression in HIV-1–Infected 
Individuals. J Exp Med 185:1–8. 

51. Scarlatti G, Tresoldi E, Björndal A, Fredriksson R, Colognesi C, Deng HK, 
Malnati MS, Plebani A, Siccardi AG, Littman DR, Fenyo EM, Lusso P. 1997. 
In vivo evolution of the HIV-1 co receptor usage and sensitivity to chemokine -
mediated suppression. Nature 3:1–7. 

52. Keele BF, Giorgi EE, Salazar-Gonzalez J, Decker JM, T PK, Salazar MG, 
Sun C, Grayson T, Wang S, Li H, Wei X, Jiang C, Kirchherr J, Gao F, 
Anderson JA, Ping LH, Swanstrom R, Tomaras GD, Blattner WA, Goepfert 
PA, Kilby JM, Saag MS, Delwart EL, Busch MP, Cohen MS, Montefiori DC, 
Haynes BF, Gaschen B, Athreya GS, Lee HY, Wood N, Seoighe C, Perelson 
AS, Bhattacharya T, Korber BT, Hahn BH, Shaw GM. 2008. Identification and 
characterization of transmitted and early founder virus envelopes in primary HIV-
1 infection. In. 

53. Salazar-Gonzalez JF, Salazar MG, Keele BF, Learn GH, Giorgi EE, Li H, 
Decker JM, Wang S, Baalwa J, Kraus MH, Parrish NF, Shaw KS, Guffey MB, 
Bar KJ, Davis KL, Ochsenbauer-Jambor C, Kappes JC, Saag MS, Cohen 
MS, Mulenga J, Derdeyn CA, Allen S, Hunter E, Markowitz M, Hraber P, 
Perelson AS, Bhattacharya T, Haynes BF, Korber BT, Hahn BH, Shaw GM. 
2009. Genetic identity, biological phenotype, and evolutionary pathways of 
transmitted/founder viruses in acute and early HIV-1 infection. The Journal of …. 

54. Parrish NF, Gao F, Li H, Giorgi EE, Barbian HJ, Parrish EH, Zajic L, Iyer SS, 
Decker JM, Kumar A, Hora B, Berg A, Cai F, Hopper J, Denny TN, Ding H, 
Ochsenbauer C, Kappes JC, Galimidi RP, West AP, Bjorkman PJ, Wilen 
CB, Doms RW, O'Brien M, Bhardwaj N, Borrow P, Haynes BF, Muldoon M, 
Theiler JP, Korber B, Shaw GM, Hahn BH. 2013. Phenotypic properties of 
transmitted founder HIV-1. Proc Natl Acad Sci USA. 

55. Haase AT. 2011. Early events in sexual transmission of HIV and SIV and 
opportunities for interventions. Annu Rev Med 62:127–139. 

56. Ma ZM, Abel K, Rourke T, Wang Y, Miller CJ. 2004. A Period of Transient 
Viremia and Occult Infection Precedes Persistent Viremia and Antiviral Immune 
Responses during Multiple Low-Dose Intravaginal Simian Immunodeficiency 
Virus Inoculations. Journal of Virology 78:14048–14052. 

57. Kaizu M, Weiler AM, Wesigrau KL, Vielhuber KA, May G, Piaskowski SM, 
Furlott J, Maness NJ, Friedrich TC, Loffredo JT, Usborne A, Rakasz EG. 
2006. Repeated Intravaginal Inoculation with Cell-Associated Simian 
Immunodeficienc Virus Results in Persistent Infectionof Nonhuman Primates. 



	
	

32	

Journal of Infecectious Diseases 194:1–5. 

58. Miller CJ. 1998. Localization of Simian immunodeficiency virus-infected cells in 
the genital tract of male and female Rhesus macaques. J Reprod Immunol 
41:1–9. 

59. Hladik F, Hope TJ. 2009. HIV Infection of the Genital Mucosa in Women. Curr 
HIV Res 1–9. 

60. Eid SG, Mangan NE, Hertzog PJ, Mak J. 2015. Blocking HIV-1 transmission in 
the female reproductive tract: from microbicide development to exploring local 
antiviral responses. Clinical &amp; Translational Immunology 4:e43–9. 

61. Keele BF, Estes JD. 2011. Barriers to mucosal transmission of 
immunodeficiency viruses. Blood 118:839–846. 

62. Miller CJ, Li Q, Abel K, Kim E-Y, Ma Z-M, Wietgrefe S, La Franco-Scheuch 
L, Compton L, Duan L, Shore MD, Zupancic M, Busch M, Carlis J, Wolinsky 
S, Wolinksy S, Haase AT. 2005. Propagation and dissemination of infection 
after vaginal transmission of simian immunodeficiency virus. Journal of Virology 
79:9217–9227. 

63. Maher D, Wu X, Schacker T, Horbul J, Southern PJ. 2005. HIV binding, 
penetration, and primary infection in human cervicovaginal tissue. Proceedings 
of the … 102:1–6. 

64. Hladik F, Sakchalathorn P, Ballweber L, Lentz G, Fialkow M, Eschenbach 
D, McElrath MJ. 2007. Initial Events in EstablishingVaginal Entry and 
Infectionby Human Immunodeficiency Virus Type-1 26:257–270. 

65. Li Q, Estes JD, Schlievert PM, Duan L, Brosnahan AJ, Southern PJ, Reilly 
CS, Peterson ML, Schultz R, Brunner KG, Nephew KR, Pambuccian S, 
Lifson JD, Carlis JV, Haase AT. 2009. Glycerol monolaurate prevents mucosal 
SIV transmission. Nature 458:1034–1038. 

66. Miller CJ, McGhee JR, Gardner MB. 1992. Mucosal Immunity, HIV 
transmission and AIDS. Laboratory Investigation 68:1–19. 

67. Auvert B, Taljaard D, Lagarde E, Sobngwi-Tambekou J, Sitta R, Puren A. 
2005. Randomized, Controlled Intervention Trial of Male Circumcision for 
Reduction of HIV Infection Risk: The ANRS 1265 Trial. PLoS Med 2:e298. 

68. Bailey RC, Moses S, Parker CB, Agot K, Maclean I, Krieger JN, Williams 
CFM, Campbell RT, Ndinya-Achola JO. 2007. Male circumcision for HIV 
prevention in young men inKisumu, Kenya: a randomised controlled trial. The 
Lancet 369:1–14. 

69. Gray RH, Kigozi G, Serwadda D, Makumbi F, Watya S, Nalugoda F, 



	
	

33	

Kiwanuka N, Moulton LH, Chaudhary MA, Chen MZ, Sewankambo NK, 
Wabwire-Mangen F, Bacon MC, Williams CFM, Opendi P, Reynolds SJ, 
Laeyendecker O, Quinn TC, Wawer MJ. 2007. Male circumcision for HIV 
prevention in men in Rakai,Uganda: a randomised trial. The Lancet 369:1–10. 

70. Fischetti L, Barry SM, Hope TJ, Shattock RJ. 2009. HIV-1 infection of human 
penile explant tissue and protection by candidate microbicides. AIDS 23:319–
328. 

71. Patterson BK, Landay A, Siegel JN, Flener Z, Pessis D, Chaviano A, Bailey 
RC. 2010. Susceptibility to Human Immunodeficiency Virus-1 Infection of 
Human Foreskin and Cervical Tissue Grown in Explant Culture. The American 
Journal of Pathology 161:867–873. 

72. Heise C, Miller CJ, Lackner AA, Dandekar S. 1994. Primary acute Simian 
Immunodeficiency Virus infection of Intestinal Lymphoid Tissue is Associated 
with Gastrointestinal Dysfunction. Journal of Infecectious Diseases 169:1–6. 

73. Hu J, Gardner MB, Miller CJ. 2000. Simian immunodeficiency virus rapidly 
penetrates the cervicovaginal mucosa after intravaginal inoculation and infects 
intraepithelial dendritic cells. Journal of Virology 74:6087–6095. 

74. Spira AI, Marx PA, Patterson BK, Mahoney J, Koup RA, Wolinsky SM, Ho 
DD. 1996. Cellular targets of infection and route of viral dissemination after an 
intravaginal inoculation of simian immunodeficiency virus into rhesus macaques. 
J Exp Med 183:215–225. 

75. Zhang Z-Q, Schuler T, Zupancic M, Wietgrefe S, Staskus KA, Reimann KA, 
Reinhart TA, Rogan M, Cavert W, Miller CJ, Veazey RS, Notermans D, Little 
S, Danner SA, Richman DD, Havlir D, Wong JK, Jordan HL, Schacker T, 
Racz P, Tenner-Racz K, Letvin NL, Wolinksy S, Haase AT. 1999. Sexual 
Transmission and Propagation of SIV and HIV in Resting and Activated CD4+ T 
Cells. Science 286:1–6. 

76. Zhang Z-Q, Wietgrefe S, Li Q, Shore MD, Duan L, Reilly C, Lifson JD, Haase 
AT. 2004. Roles of substrate availability and infection of resting and activated 
CD4+ T cells in transmission and acute simian immunodeficiency virus infection. 
Proceedings of the … 101:1–6. 

77. Spina CA, Kwoh TJ, Chowers MY, Guatelli JC, Richman DD. 1994. The 
Importance of nef in the induction of HIV 1 replication from primary quiescent 
CD4 lymphocytes. J Exp Med 179:1–9. 

78. Stevenson M, Stanwick TL, Dempsey MP, Lamonica CA. 1990. HIV-1 
replication is controlled at the level of T cell activation and proviral integration. 
EMBO J 9:1–10. 

79. Geijtenbeek TBH, Kwon DS, Torensma R, van Vliet SJ, van Duijnhoven 



	
	

34	

GCF, Middel J, Cornelissen ILMH, Nottet HSLM, Kewalramani V, Littman 
DR, Figdor CG, van Kooyk Y. 2000. DC-SIGN, a Dendritic Cell–Specific HIV-1-
Binding Protein that Enhances trans-infection of T cells. Cell 100:1–11. 

80. Pope M, Betjes MGH, Romani N, Hirmand H, Cameron PU, Hoffman L, 
Gezelter S, Schuler G, Steinman RM. 1994. Conjugates of Dendritic Cellsand 
Memory T Lymphocytes from Skin Facilitate Productive Infection with HIV-1. 
Cell 78:1–10. 

81. Wu L, KewalRamani VN. 2006. Dendritic-cell interactions with HIV: infection 
and viral dissemination. Nat Rev Immunol 6:859–868. 

82. Fiebig EW, Wright DJ, Rawal BD, Garrett PE, Schumacher RT, Peddada L, 
Heldebrandt C, Smith R, Conrad A, Kleinman SH, Busch MP. 2003. 
Dynamics of HIV viremia and antibody seroconversion in plasma donors: 
implications for diagnosis and staging of primary HIV infection. AIDS 17:1–9. 

83. Ribeiro RM, Qin L, Chavez LL, Li D, Self SG, Perelson AS. 2010. Estimation 
of the Initial Viral Growth Rate and Basic Reproductive Number during Acute 
HIV-1 Infection. Journal of Virology 84:6096–6102. 

84. Heffernan JM, Smith RJ, Wahl LM. 2005. Perspectives on the basic 
reproductive ratio. Journal of The Royal Society Interface 2:281–293. 

85. Saag MS, Hahn BH, Gibbons J, Li Y, Parks ES, Parks WP, Shaw GM. 1988. 
Extensive variation of human immunodeficiency virus type-1 in vivo. Nature 
334:440–444. 

86. Domingo E, Sheldon J, Perales C. 2012. Viral Quasispecies Evolution. 
Microbiology and Molecular Biology Reviews 76:159–216. 

87. Zhu T, Carr A, Nam DS, Moor-Jankowski R, Cooper DA, Ho DD. 1996. 
Genetic Characterization of Human Immunodeficiency Virus Type 1 in Blood 
and Genital Secretions: Evidence for Viral Compartmentalization and 
Selectionduring Sexual Transmission. Journal of Virology 70:1–10. 

88. Delwart EL, Magierowska M, Royz M, Foley BT, Peddada L, Smith R, 
Heldebrandt C, Conrad A, Busch MP. 2002. Homogeneous quasispecies in 16 
out of 17 individuals during very early HIV-1 primary infection. AIDS 16:1–7. 

89. Wolfs TFW, Zwart G, Bakker M, Goudsmit J. 1992. HIV-1 Genomic RNA 
Diversification following Sexual and Parenteral Virus Transmission. Virology 
189:1–8. 

90. Wolinsky S, Wike C, Korber BT, Hutto C, Parks WP, Rosenblum L, 
Kunstman K, Furtado M, Munoz J. 1992. Selective transmission of HIV 
variants from mothers to infants. Science 1–5. 



	
	

35	

91. Zhang LQ, MacKenzie P, Cleland A, Holmes EC, Brown AJL, Simmonds P. 
2007. Selection for Specific Sequences in the external envelope protein of HIV 
type 1 upon primary infection. Journal of Virology 67:1–12. 

92. Zhu T, Mo H, Wang N, Nam DN, Cao Y, Koup R, Ho DD. 1993. Genotypic and 
phenotypic char of HIV-1 in patients with primary infection Zhu Science 1993 1–
4. 

93. Salazar-Gonzalez JF, Bailes E, Pham KT, Salazar MG, Guffey MB, Keele BF, 
Derdeyn CA, Farmer P, Hunter E, Allen S, Manigart O, Mulenga J, 
Anderson JA, Swanstrom R, Haynes BF, Athreya GS, Korber BTM, Sharp 
PM, Shaw GM, Hahn BH. 2008. Deciphering Human Immunodeficiency Virus 
Type 1 Transmission and Early Envelope Diversification by Single-Genome 
Amplification and Sequencing. Journal of Virology 82:3952–3970. 

94. Lee HY, Giorgi EE, Keele BF, Gaschen B, Athreya GS, Salazar-Gonzalez JF, 
Pham KT, Goepfert PA, Kilby JM, Saag MS, Delwart EL, Busch MP, Hahn 
BH, Shaw GM, Korber BT, Bhattacharya T, Perelson AS. 2009. ARTICLE IN 
PRESS. Journal of Theoretical Biology 261:341–360. 

95. Fang G, Zhu G, Burger H, Keithly JS, Weiser B. 1998. Minimizing DNA 
recombination during long RT-PCR. Journal of Virological Methods 76:1–10. 

96. Liu S-L, Rogdrigo AG, Shankarappa R, Learn GH, Hsu L, Davidov O, Zhao 
LP, Mullins JI, Haynes BF, Pantaleo G, Fauci AS. 1996. HIV Quasispecies 
and Resampling. Science 273:1–3. 

97. Meyerhans A, J-P V, Wain-Hobson S. 1990. DNA recombination during PCR. 
Nucleic Acids Res 18:1–5. 

98. Palmer S, Kearney M, Maldarelli F, Halvas EK, Bixby CJ, Bazmi H, Rock D, 
Falloon J, Davey RT, Dewar RL, Metcalf JA, Hammer S, Mellors JW, Coffin 
JM. 2005. Multiple, linked human immunodeficiency virus type 1 drug resistance 
mutations in treatment-experienced patients are missed by standard genotype 
analysis. J Clin Microbiol 43:406–413. 

99. Rousseau CM, Birditt BA, McKay AR, Stoddard JN, Lee TC, McLaughlin S, 
Moore SW, Shindo N, Learn GH, Korber BT, Brander C, Goulder PJR, 
Kiepiela P, Walker BD, Mullins JI. 2006. Large-scale amplification, cloning and 
sequencing of near full-length HIV-1 subtype C genomes. Journal of Virological 
Methods 136:118–125. 

100. Shriner D. 2004. Pervasive Genomic Recombination of HIV-1 in Vivo. Genetics 
167:1573–1583. 

101. Simmonds P, Balfe P, Ludlam CA, Bishop JO, Brown AJL. 1990. Analysis of 
Sequence Diversity in hypervariable regions of the external glycoprotein of the 
HIV-1. Journal of Virology 64:1–11. 



	
	

36	

102. Simmonds P, Balfe P, Peutherer JF, Ludlam CA, Bishop JO, Brown AJL. 
2004. Human Immunodeficiency Virus- infected individuals contain provirus in 
small numbers of peripheral mononuclear cells and at low copy numbers. 
Journal of Virology 64:1–9. 

103. Yang YL, Wang G, Dorman K, Kaplan AH. 2009. Long polymerase chain 
Amplification of heterogenous HIV type I templates produces recombination at a 
relatively high frequency. AIDS Research and Human Retroviruses 12:1–4. 

104. Abrahams MR, Anderson JA, Giorgi EE, Seoighe C, Mlisana K, Ping LH, 
Athreya GS, Treurnicht FK, Keele BF, Wood N, Salazar-Gonzalez JF, 
Bhattacharya T, Chu H, Hoffman I, Galvin S, Mapanje C, Kazembe P, 
Thebus R, Fiscus S, Hide W, Cohen MS, Karim SA, Haynes BF, Shaw GM, 
Hahn BH, Korber BT, Swanstrom R, Williamson C, for the CAPRISA Acute 
Infection Study Team and the Center for HIV-AIDS Vaccine Immunology 
Consortium. 2009. Quantitating the Multiplicity of Infection with Human 
Immunodeficiency Virus Type 1 Subtype C Reveals a Non-Poisson Distribution 
of Transmitted Variants. Journal of Virology 83:3556–3567. 

105. Li H, Bar KJ, Wang S, Decker JM, Chen Y, Sun C, Salazar-Gonzalez JF, 
Salazar MG, Learn GH, Morgan CJ, Schumacher JE, Hraber P, Giorgi EE, 
Bhattacharya T, Korber BT, Perelson AS, Eron JJ, Cohen MS, Hicks CB, 
Haynes BF, Markowitz M, Keele BF, Hahn BH, Shaw GM. 2010. High 
Multiplicity Infection by HIV-1 in Men Who Have Sex with Men. PLoS Pathog 
6:e1000890. 

106. Bar KJ, Li H, Chamberland A, Tremblay C, Routy JP, Grayson T, Sun C, 
Wang S, Learn GH, Morgan CJ, Schumacher JE, Haynes BF, Keele BF, 
Hahn BH, Shaw GM. 2010. Wide variation in the multiplicity of HIV-1 infection 
among injection drug users. Journal of Virology 84:6241–6247. 

107. Masharsky AE, Dukhovlinova EN, Verevochkin SV, Toussova OV, 
Skochilov RV, Anderson JA, Hoffman I, Cohen MS, Swanstrom R, Kozlov 
AP. 2010. A substantial transmission bottleneck among newly and recently HIV-
1-infected injection drug users in St Petersburg, Russia. J Infect Dis 201:1697–
1702. 

108. Joseph SB, Swanstrom R, Kashuba ADM, Cohen MS. 2015. Bottlenecks in 
HIV-1 transmission: insights from the study of founder viruses. Nat Rev Micro 
13:414–425. 

109. Anderson DJ, Politch JA, Nadolski AM, Blaskewicz CD, Pudney J, Mayer 
KH. 2010. Targeting Trojan Horse leukocytes for HIV prevention. AIDS 24:163–
187. 

110. Herfs M, Hubert P, Moutschen M, Delvenne P. 2011. Mucosal junctions: open 
doors to HPV and HIV infections? Trends in Microbiology 19:114–120. 



	
	

37	

111. Esra RT, Olivier AJ, Passmore J-AS, Jaspan HB, Harryparsad R, Gray CM. 
2016. Does HIV Exploit the Inflammatory Milieu of the Male Genital Tract for 
Successful Infection? Frontiers in Immunology, 3rd ed. 7:446. 

112. Auvert B, Taljaard D, Lagarde E, Sobngwi-Tambekou J, Sitta R, Puren A. 
2005. Randomized, Controlled Intervention Trial of Male Circumcision for 
Reduction of HIV Infection Risk: The ANRS 1265 Trial. PLoS Med 2:e298. 

113. Zapata W, Aguilar-Jiménez W, Feng Z, Weinberg A, Russo A, Potenza N, 
Estrada H, Rugeles MT. 2016. Identification of innate immune antiretroviral 
factors during in vivo and in vitro exposure to HIV-1 1–9. 

114. Wilson SS, Wiens ME, Smith JG. 2013. Antiviral Mechanisms of Human 
Defensins. Journal of Molecular Biology 425:4965–4980. 

115. Mahalingam A, Jay JI, Langheinrich K, Shukair S, McRaven MD, Rohan LC, 
Herold BC, Hope TJ, Kiser PF. 2011. Biomaterials. Biomaterials 32:8343–
8355. 

116. Lai SK, Hida K, Shukair S, Wang YY, Figueiredo A, Cone R, Hope TJ, 
Hanes J. 2009. Human Immunodeficiency Virus Type 1 Is Trapped by Acidic but 
Not by Neutralized Human Cervicovaginal Mucus. Journal of Virology 83:11196–
11200. 

117. Lai BE, Geonnotti AR, DeSoto MG, Montefiori DC, Katz DF. 2010. Antiviral 
Research. Antiviral Research 88:143–151. 

118. Ping LH, Joseph SB, Anderson JA, Abrahams MR, Salazar-Gonzalez JF, 
Kincer LP, Treurnicht FK, Arney L, Ojeda S, Zhang M, Keys J, Potter EL, 
Chu H, Moore P, Salazar MG, Iyer S, Jabara C, Kirchherr J, Mapanje C, 
Ngandu N, Seoighe C, Hoffman I, Gao F, Tang Y, Labranche C, Lee B, 
Saville A, Vermeulen M, Fiscus S, Morris L, Karim SA, Haynes BF, Shaw 
GM, Korber BT, Hahn BH, Cohen MS, Montefiori D, Williamson C, 
Swanstrom R, for the CAPRISA Acute Infection Study and the Center for 
HIV-AIDS Vaccine Immunology Consortium. 2013. Comparison of Viral Env 
Proteins from Acute and Chronic Infections with Subtype C Human 
Immunodeficiency Virus Type 1 Identifies Differences in Glycosylation and 
CCR5 Utilization and Suggests a New Strategy for Immunogen Design. Journal 
of Virology 87:7218–7233. 

119. Damien C Tully 
CBOREBDJBKAPMGHEBADGAMSMAAKLGMSBBJTNJLMRHZLBPJNESR
KHMHJSLKPBDWMAJMCTMA. 2016. Differences in the Selection Bottleneck 
between Modes of Sexual Transmission Influence the Genetic Composition of 
the HIV-1 Founder Virus 1–29. 

120. Anderson JA, Ping L-H, Dibben O, Jabara CB, Arney L, Kincer L, Tang Y, 
Hobbs M, Hoffman I, Kazembe P, Jones CD, Borrow P, Fiscus S, Cohen 



	
	

38	

MS, Swanstrom R, Center for HIV/AIDS Vaccine Immunology. 2010. HIV-1 
Populations in Semen Arise through Multiple Mechanisms. PLoS Pathog 
6:e1001053. 

121. Boeras DI, Hraber PT, Hurlston M, Evans-Strickfaden T, Bhattacharya T, 
Giorgi EE, Mulenga J, Karita E, Korber BT, Allen S, Hart CE, Derdeyn CA, 
Hunter E. 2011. Role of donor genital tract HIV-1 diversity in the transmission 
bottleneck. Proceedings of the National Academy of Sciences 108:E1156–63. 

122. Byrn RA, Kiessling AA. 1998. Analysis of human immunodeficiency virus in 
semen: indications of a genetically distinct virus reservoir. J Reprod Immunol 
41:1–16. 

123. Delwart EL, Mullins JI, Gupta P, Learn GH, Holodniy M, Katzenstein D, 
Walker BD, Singh MK. 1998. Human immunodeficiency virus type 1 
populations in blood and semen. Journal of Virology 72:617–623. 

124. Diem K, Nickle DC, Motoshige A, Fox A, Ross S, Mullins JI, Corey L, 
Coombs RW, Krieger JN. 2008. Male Genital Tract Compartmentalization of 
Human Immunodeficiency Virus Type 1 (HIV). AIDS Research and Human 
Retroviruses 24:561–571. 

125. Gupta P, Leroux C, Patterson BK, Kingsley L, Rinaldo C, Ding M, Chen Y, 
Kulka K, Buchanan W, McKeon B, Montelaro R. 2000. Human 
Immunodeficiency Virus Type 1 Shedding Pattern in Semen Correlates with the 
Compartmentalization of Viral Quasi Species between Bloodand Semen. 
Journal of Infecectious Diseases 182:1–9. 

126. Overbaugh J, Anderson RJ, Ndinya-Achola JO, Kreiss JK. 2009. 
Immunodeficiency. AIDS Research and Human Retroviruses 12:1–9. 

127. Bull M, Learn G, Genowati I, McKernan J, Hitti J, Lockhart D, Tapia K, Holte 
S, Dragavon J, Coombs R, Mullins J, Frenkel L. 2009. Compartmentalization 
of HIV-1 within the Female Genital Tract Is Due to Monotypic and Low-Diversity 
Variants Not Distinct Viral Populations. PLoS ONE 4:e7122. 

128. Ronen K, Sharma A, Overbaugh J. 2015. HIV transmission biology. AIDS 
29:2219–2227. 

129. Sagar M, Lavreys L, Baeten JM, Richardson BA, Mandaliya K, Ndinya-
Achola JO, Kreiss JK, Overbaugh J. 2004. Identification of modifiable factors 
that affect the genetic diversity of the transmitted HIV-1 population. AIDS 18:1–
5. 

130. Baeten JM, Lavreys L, Overbaugh J. 2007. The Influence of Hormonal 
Contraceptive Use on HIV-1 Transmission and Disease Progression. Clin Infect 
Dis 45:360–369. 



	
	

39	

131. Ward H, Rönn M. 2010. Contribution of sexually transmitted infections to the 
sexual transmission of HIV. Curr Opin HIV AIDS 5:305–310. 

132. Abel K, Rocke DM, Chohan B, Fritts L, Miller CJ. 2005. Temporal and 
anatomic relationship between virus replication and cytokine gene expression 
after vaginal simian immunodeficiency virus infection. Journal of Virology 
79:12164–12172. 

133. Xu H, Wang X, Veazey RS. 2013. Mucosal immunology of HIV infection. 
Immunol Rev 254:10–33. 

134. Pudney J. 2005. Immunological Microenvironments in the Human Vagina and 
Cervix: Mediators of Cellular Immunity Are Concentrated in the Cervical 
Transformation Zone. Biology of Reproduction 73:1253–1263. 

135. Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, Lebedeva 
M, DeCamp A, Li D, Grove D, Self SG, Borrow P. 2009. Induction of a striking 
systemic cytokine cascade prior to peak viremia in acute human 
immunodeficiency virus type 1 infection, in contrast to more modest and delayed 
responses in acute hepatitis B and C virus infections. Journal of Virology 
83:3719–3733. 

136. Misse D, Yssel H, Trabattoni D, Oblet C, Caputo Lo S, Mazzotta F, Pene J, 
Gonzalez JP, Clerici M, Veas F. 2006. IL-22 Participates in an Innate Anti-HIV-
1 Host-Resistance Network through Acute-Phase Protein Induction. J Immunol 
178:407–415. 

137. Mueller YM, Do DH, Altork SR, Artlett CM, Gracely EJ, Katsetos CD, Legido 
A, Villinger F, Altman JD, Brown CR, Lewis MG, Katsikis PD. 2007. IL-15 
Treatment during Acute Simian Immunodeficiency Virus (SIV) Infection 
Increases Viral Set Point and Accelerates Disease Progression despite the 
Induction of Stronger SIV-Specific CD8+ T Cell Responses. J Immunol 
180:350–360. 

138. Pitha PM. 1994. Multiple effects of interferon on the replication of human 
immunodeficiency virus type I. Antiviral Research 24:1–15. 

139. Wang Y, Abel K, Lantz K, Krieg AM, McChesney MB, Miller CJ. 2005. The 
Toll-like receptor 7 (TLR7) agonist, imiquimod, and the TLR9 agonist, CpG 
ODN, induce antiviral cytokines and chemokines but do not prevent vaginal 
transmission of simian immunodeficiency virus when applied intravaginally to 
rhesus macaques. Journal of Virology 79:14355–14370. 

140. Beignon A-S, McKenna K, Skoberne M, Manches O, DaSilva I, Kavanagh 
DG, Larsson M, Gorelick RJ, Lifson JD, Bhardwaj N. 2005. Endocytosis of 
HIV-1 activates plasmacytoid dendritic cells via Toll-like receptor-viral RNA 
interactions. J Clin Invest 115:3265–3275. 



	
	

40	

141. Doyle T, Goujon C, Malim MH. 2015. HIV-1 and interferons: who's interfering 
with whom? Nat Rev Micro 1–11. 

142. Doitsh G, Cavrois M, Lassen KG, Zepeda O, Yang Z, Santiago ML, Hebbeler 
AM, Greene WC. 2010. Abortive HIV Infection MediatesCD4 T Cell Depletion 
and Inflammation in Human Lymphoid Tissue. Cell 143:789–801. 

143. Doitsh G, Galloway NLK, Geng X, Yang Z, Monroe KM, Zepeda O, Hunt PW, 
Hatano H, Sowinski S, Muñoz-Arias I, Greene WC. 2014. Cell death by 
pyroptosis drives CD4 T-cell depletion in HIV-1 infection. Nature 505:509–514. 

144. Monroe KM, Yang Z, Johnson JR, Geng X, Doitsh G, Krogan NJ, Greene 
WC. 2013. IFI16 DNA Sensor Is Required for Death of Lymphoid CD4 T Cells 
Abortively Infected with HIV. Science. 

145. Siegal FP, Fitzgerald-Bocarsly P, Holland BK, Shodell M. 2001. Interferon-
[alpha] generation and immune reconstitution during antiretroviral therapy for 
human immunodeficiency virus infection. AIDS 15:1603. 

146. Chelbi-Alix MK, Wietzerbin J. 2007. Interferon, a growing cytokine family: 50 
years of interferon research. Biochimie 89:723–728. 

147. Prokunina-Olsson L, Muchmore B, Tang W, Pfeiffer RM, Park H, 
Dickensheets H, Hergott D, Porter-Gill P, Mumy A, Kohaar I, Chen S, Brand 
N, Tarway M, Liu L, Sheikh F, Astemborski J, Bonkovsky HL, Edlin BR, 
Howell CD, Morgan TR, Thomas DL, Rehermann B, Donnelly RP, O'Brien 
TR. 2013. A variant upstream of. Nature Genetics 45:164–171. 

148. Stark GR, Kerr IM, Williams BRG, Silverman RH, Schreiber RD. 1998. HOW 
CELLS RESPOND TO INTERFERONS. Annu Rev Biochem 67:227–264. 

149. Der SD, Zhou A, Williams BRG, Silverman RH. 1998. Identification of genes 
differentially regulated by interferon alpha, beta, or gamma using oligonucleotide 
arrays. Proc Natl Acad Sci USA 95:15623–15628. 

150. Pestka S, Krause CD, Walter MR. 2004. Interferons, interferon-like cytokines, 
and their receptors. Immunol Rev 202:1–25. 

151. McNab F, Mayer-Barber K, Sher A, Wack A, O'Garra A. 2015. Type I 
interferons in infectious disease. Nat Rev Immunol 15:87–103. 

152. Gibbert K, Schlaak JF, Yang D, Dittmer U. 2013. IFN-α subtypes: distinct 
biological activities in anti-viral therapy. Br J Pharmacol 168:1048–1058. 

153. Stetson DB, Medzhitov R. 2006. Type I Interferons in Host Defense. Immunity 
25:373–381. 

154. Lavoie TB, Kalie E, Crisafulli-Cabatu S, Abramovich R, DiGioia G, 



	
	

41	

Moolchan K, Pestka S, Schreiber G. 2011. Binding and activity of all human 
alpha interferon subtypes. Cytokine 56:282–289. 

155. Jaks E, Gavutis M, Uzé G, Martal J, Piehler J. 2007. Differential Receptor 
Subunit Affinities of Type I Interferons Govern Differential Signal Activation. 
Journal of Molecular Biology 366:525–539. 

156. Schreiber G, Piehler J. 2015. The molecular basis for functional plasticity in 
type I interferon signaling. Trends in Immunology 36:139–149. 

157. Michael S Harper KGKGEJLSMDBSBMDMKJHUDCCWMLS. 2015. 
Interferon-α Subtypes in an ex vivo Model of Acute HIV-1 Infection: Expression, 
Potency and Effector Mechanisms 1–24. 

158. Morón-López S, Gómez-Mora E, Salgado M, Ouchi D, Puertas MC, Urrea V, 
Navarro J, Jou A, Pérez M, Tural C, Clotet B, Montaner LJ, Blanco J, 
Crespo M, Martinez-Picado J. 2016. Short-term Treatment With Interferon Alfa 
Diminishes Expression of HIV-1 and Reduces CD4 +T-Cell Activation in Patients 
Coinfected With HIV and Hepatitis C Virus and Receiving Antiretroviral Therapy. 
J Infect Dis 213:1008–1012. 

159. Abdel-Mohsen M, Deng X, Liegler T, Guatelli JC, Salama MS, Ghanem 
HEDA, Rauch A, Ledergerber B, Deeks SG, Gunthard HF, Wong JK, Pillai 
SK. 2013. Effects of Alpha Interferon Treatment on Intrinsic Anti-HIV-1 Immunity 
In Vivo. Journal of Virology 88:763–767. 

160. Asmuth DM, Murphy RL, Rosenkranz SL, Lertora JJL, Kottilil S, Cramer Y, 
Chan ES, Schooley RT, Rinaldo CR, Thielman N, Li XD, Wahl SM, Shore J, 
Janik J, Lempicki RA, Simpson Y, Pollard RB. 2010. Safety, Tolerability, and 
Mechanisms of Antiretroviral Activity of Pegylated Interferon Alfa-2a in HIV-1–
Monoinfected Participants: A Phase II Clinical Trial. J Infect Dis 201:1686–1696. 

161. Azzoni L, Foulkes AS, Papasavvas E, Mexas AM, Lynn KM, Mounzer K, 
Tebas P, Jacobson JM, Frank I, Busch MP, Deeks SG, Carrington M, 
O'Doherty U, Kostman J, Montaner LJ. 2013. Pegylated Interferon Alfa-2a 
Monotherapy Results in Suppression of HIV Type 1 Replication and Decreased 
Cell-Associated HIV DNA Integration. Journal of infectious …. 

162. Dianzani F, Rozera G, Abbate I, D'Offizi G, Abdeddaim A, Vlassi C, 
Antonucci G, Narciso P, Martini F, Capobianchi MR. 2008. Interferon May 
Prevent HIV Viral Rebound After HAART Interruption in HIV Patients. Journal of 
Interferon & Cytokine Research 28:1–3. 

163. Frissen PHJ, de Wolf F, Reiss P, Bakker PJM, Veenhof CHN, Danner SA, 
Goudsmit J, Lange JMA. 2010. High-Dose Interferon-a2a Exerts Potent 
Activity against Human Immunodeficiency Virus Type 1 Not Associated with 
Antitumor Activity in Subjects with Kaposi’s Sarcoma. Journal of Infecectious 
Diseases 176:1–4. 



	
	

42	

164. Haas DW, Lavelle J, Nadler JP, Greenberg SB, Frame P, Mustafa N, St Clair 
MH, McKinnis R, Dix L, Elkins M, Rooney J. 2004. A Randomized Trial of 
Interferon. AIDS Research and Human Retroviruses 16:1–8. 

165. Tavel JA, Huang C-Y, Shen J, Metcalf JA, Dewar R, Shah A, Vasudevachari 
MB, Follmann DA, Herpin B, Davey RT, Polis MA, Kovacs J, Masur H, Lane 
HC. 2010. Interferon-α Produces Significant Decreases in HIV Load. Journal of 
Interferon & Cytokine Research 30:461–464. 

166. Fernandez-Cruz E, Lang J-M, Frissen PHJ, Furner V, Chateauvert M, 
Boucher CAB, Dowd P, Stevens J. 1995. ZDV plus IFN a versus ZDV alone in 
HIV-infected symptomatic or asymptomatic persons with CD4+ cell counts 
>150x106/l : results of the Zidon trial. AIDS 9:1–11. 

167. Krown SE, Aeppli D, Balfour HH. 1999. Phase II randomized open-label, 
community-based trial to compare the safety and activity of combination therapy 
with recombinant IFNa2b and ZDV versus ZDV alone in patients with 
asymptomatic to mildly symptomatic HIV infection. JAIDS Journal of Acquired 
Immune Deficiency Syndromes 20:1–10. 

168. Boué F, Reynes J, Rouzioux C, Emilie D, Souala F, Tubiana R, Goujard C, 
Lancar R, Costagliola D. 2011. Alpha interferon administration during 
structured interruptions of combination antiretroviral therapy in patients with 
chronic HIV-1 infection: INTERVAC ANRS 105 trial. AIDS 25:115–118. 

169. Sun H, Buzon MJ, Shaw A, Berg RK, Yu XG, Ferrando-Martinez S, Leal M, 
Ruiz-Mateos E, Lichterfeld M. 2014. Hepatitis C Therapy With Interferon-  and 
Ribavirin Reduces CD4 T-Cell-Associated HIV-1 DNA in HIV-1/Hepatitis C 
Virus-Coinfected Patients. J Infect Dis 209:1315–1320. 

170. Veazey RS, Pilch-Cooper HA, Hope TJ, Alter G, Carias AM, Sips M, Wang 
X, Rodriguez B, Sieg SF, Reich A, Wilkinson P, Cameron MJ, Lederman 
MM. 2016. Prevention of SHIV transmission by topical IFN-&beta; treatment. 
Mucosal Immunol 1–9. 

171. Sandler NG, Bosinger SE, Estes JD, Zhu RTR, Tharp GK, Boritz E, Levin D, 
Wijeyesinghe S, Makamdop KN, del Prete GQ, Hill BJ, Timmer JK, Reiss E, 
Yarden G, Darko S, Contijoch E, Todd JP, Silvestri G, Nason M, Norgren 
RB, Keele BF, Rao S, Langer JA, Lifson JD, Schreiber G, Douek DC. 2014. 
Type I interferon responses in rhesus macaques prevent SIV infection and slow 
disease progression. Nature 1–17. 

172. Rotger M, Dang KK, Fellay J, Heinzen EL, Feng S, Descombes P, Shianna 
KV, Ge D, Günthard HF, Goldstein DB, Telenti A, Swiss HIV Cohort Study, 
Center for HIV/AIDS Vaccine Immunology. 2010. Genome-wide mRNA 
expression correlates of viral control in CD4+ T-cells from HIV-1-infected 
individuals. PLoS Pathog 6:e1000781. 



	
	

43	

173. Bosinger SE, Li Q, Gordon SN, Klatt NR, Duan L, Xu L, Francella N, 
Sidahmed A, Smith AJ, Cramer EM, Zeng M, Masopust D, Carlis JV, Ran L, 
Vanderford TH, Paiardini M, Isett RB, Baldwin DA, Else JG, Staprans SI, 
Silvestri G, Haase AT, Kelvin DJ. 2009. Global genomic analysis reveals rapid 
control of a robust innate response in SIV-infected sooty mangabeys. The 
Journal of Clinical Investigation 119:3556–3572. 

174. Künzi MS, Farzadegan H, Margolick JB, Vlahov D, Pitha PM. 1995. 
Identification of Human Immunodeficiency Virus Primary Isolates Resistant to 
Interferon-alpha and Correlation of Prevalence to Disease Progression. J Infect 
Dis 822–828. 

175. Edlin BR, St Clair MH, Pitha PM, Whaling SM, King DM, Bitran JD, 
Weinstein RA. 1992. In-Vitro Resistance to Zidovudine and Alpha-Interferonin 
HIV-1 Isolates from Patients: Correlations withTreatment Duration and 
Response 1–5. 

176. Towers GJ, Noursadeghi M. 2014. Interactions between HIV-1 and the Cell-
Autonomous Innate Immune System. Cell Host & Microbe 16:10–18. 

177. Utay NS, Douek DC. 2016. Interferons and HIV Infection: The Good, the Bad, 
and the Ugly. PAI 1:107. 

178. Walker B, McMichael A. 2012. The T-Cell Response to HIV. Cold Spring Harb 
Perspect Med 2:a007054–a007054. 

179. Ndhlovu ZM, Kamya P, Mewalal N, Kløverpris HN, Nkosi T, Pretorius K, 
Laher F, Ogunshola F, Chopera D, Shekhar K, Ghebremichael M, Ismail N, 
Moodley A, Malik A, Leslie A, Goulder PJR, Buus S, Chakraborty A, Dong 
K, Ndung'u T, Walker BD. 2015. Magnitude and Kinetics of CD8+ T Cell 
Activation during Hyperacute HIV Infection Impact Viral Set Point. Immunity 
43:591–604. 

180. Goonetilleke N, Liu MKP, Salazar-Gonzalez JF, Ferrari G, Giorgi E, 
Ganusov VV, Keele BF, Learn GH, Turnbull EL, Salazar MG, Weinhold KJ, 
Moore S, CHAVI Clinical Core B, Letvin N, Haynes BF, Cohen MS, Hraber 
P, Bhattacharya T, Borrow P, Perelson AS, Hahn BH, Shaw GM, Korber BT, 
McMichael AJ. 2009. The first T cell response to transmitted/founder virus 
contributes to the control of acute viremia in HIV-1 infection. J Exp Med 
206:1253–1272. 

181. Ganusov VV, Goonetilleke N, Liu MKP, Ferrari G, Shaw GM, McMichael AJ, 
Borrow P, Korber BT, Perelson AS. 2011. Fitness Costs and Diversity of the 
Cytotoxic T Lymphocyte (CTL) Response Determine the Rate of CTL Escape 
during Acute and Chronic Phases of HIV Infection. Journal of Virology 
85:10518–10528. 

182. Schmitz JE, Kuroda MJ, Santra S, Sasseville VG, Simon MA, Lifton MA, 



	
	

44	

Racz P, Tenner-Racz K, Dalessandro M, Scallon BJ, Ghrayeb J, Forman 
MA, Montefiori DC, Rieber EP, Letvin NL, Reimann KA. 1999. Control of 
Viremia in Simian Immunodeficiency VirusInfection by CD8+ lymphocytes. 
Science 283:1–5. 

183. Overbaugh J, Morris L. 2012. The Antibody Response against HIV-1. Cold 
Spring Harb Perspect Med 2:a007039–a007039. 

184. Bar KJ, Tsao C-Y, Iyer SS, Decker JM, Yang Y, Bonsignori M, Chen X, 
Hwang K-K, Montefiori DC, Liao H-X, Hraber P, Fischer W, Li H, Wang S, 
Sterrett S, Keele BF, Ganusov VV, Perelson AS, Korber BT, Georgiev I, 
McLellan JS, Pavlicek JW, Gao F, Haynes BF, Hahn BH, Kwong PD, Shaw 
GM. 2012. Early low-titer neutralizing antibodies impede HIV-1 replication and 
select for virus escape. PLoS Pathog 8:e1002721. 

185. Siliciano RF, Greene WC. 2011. HIV Latency. Cold Spring Harb Perspect Med 
1:a007096–a007096. 

186. Whitney JB, Hill AL, Sanisetty S, Penaloza-MacMaster P, Liu J, Shetty M, 
Parenteau L, Cabral C, Shields J, Blackmore S, Smith JY, Brinkman AL, 
Peter LE, Mathew SI, Smith KM, Borducchi EN, Rosenbloom DIS, Lewis 
MG, Hattersley J, Li B, Hesselgesser J, Geleziunas R, Robb ML, Kim JH, 
Michael NL, Barouch DH. 2014. Rapid seeding of the viral reservoir prior to 
SIV viraemia in rhesus monkeys. Nature 1–15. 

187. Haase AT. 2010. Targeting early infection to prevent HIV-1 mucosal 
transmission. Nature 464:217–223. 

188. Wilen CB, Parrish NF, Pfaff JM, Decker JM, Henning EA, Haim H, Petersen 
JE, Wojcechowskyj JA, Sodroski J, Haynes BF, Montefiori DC, Tilton JC, 
Shaw GM, Hahn BH, Doms RW. 2011. Phenotypic and immunologic 
comparison of clade B transmitted/founder and chronic HIV-1 envelope 
glycoproteins. Journal of Virology 85:8514–8527. 

189. Parrish NF, Wilen CB, Banks LB, Iyer SS, Pfaff JM, Salazar-Gonzalez JF, 
Salazar MG, Decker JM, Parrish EH, Berg A, Hopper J, Hora B, Kumar A, 
Mahlokozera T, Yuan S, Coleman C, Vermeulen M, Ding H, Ochsenbauer C, 
Tilton JC, Permar SR, Kappes JC, Betts MR, Busch MP, Gao F, Montefiori 
D, Haynes BF, Shaw GM, Hahn BH, Doms RW. 2012. Transmitted/founder 
and chronic subtype C HIV-1 use CD4 and CCR5 receptors with equal efficiency 
and are not inhibited by blocking the integrin α4β7. PLoS Pathog 8:e1002686. 

190. Derdeyn CA, Decker JM, Bibollet-Ruche F, Mokili JL, Muldoon M, Denham 
SA, Heil ML, Kasolo F, Musonda R, Hahn BH, Shaw GM, Korber BT, Allen 
S, Hunter E. 2004. Envelope-constrained neutralization-sensitive HIV-1 after 
heterosexual transmission. Science 303:2019–2022. 

191. Sagar M, Laeyendecker O, Lee S, Gamiel J, Wawer MJ, Gray RH, Serwadda 



	
	

45	

D, Sewankambo NK, Shepherd JC, Toma J, Huang W, Quinn TC. 2009. 
Selection of HIV Variants with Signature Genotypic Characteristics during 
Heterosexual Transmission. J Infect Dis 199:580–589. 

192. Chohan B, Lang D, Sagar M, Korber BT, Lavreys L, Richardson BA, 
Overbaugh J. 2005. Selection for Human Immunodeficiency Virus Type 1 
EnvelopeGlycosylation Variants with Shorter V1-V2 Loop SequencesOccurs 
during Transmission of Certain Genetic Subtypesand May Impact Viral RNA 
Levels. Journal of Virology 79:1–4. 

193. Parker ZF, Iyer SS, Wilen CB, Parrish NF, Chikere KC, Lee F-H, Didigu CA, 
Berro R, Klasse PJ, Lee B, Moore JP, Shaw GM, Hahn BH, Doms RW. 2013. 
Transmitted/Founder and Chronic HIV-1 Envelope Proteins Are Distinguished by 
Differential Utilization of CCR5. Journal of Virology 87:2401–2411. 

194. Frost SDW, Liu Y, Pond SLK, Chappey C, Wrin T, Petropoulos CJ, Little SJ, 
Richman DD. 2005. Characterization of human immunodeficiency virus type 1 
(HIV-1) envelope variation and neutralizing antibody responses during 
transmission of HIV-1 subtype B. Journal of Virology 79:6523–6527. 

195. Oberle CS, Joos B, Rusert P, Campbell NK, Beauparlant D, Kuster H, 
Weber J, Schenkel CD, Scherrer AU, Magnus C, Kouyos R, Rieder P, 
Niederöst B, Braun DL, Pavlovic J, Böni J, Yerly S, Klimkait T, Aubert V, 
Trkola A, Metzner KJ, Günthard HF, Aubert V, Battegay M, Bernasconi E, 
Böni J, Braun DL, Bucher HC, Burton-Jeangros C, Calmy A, Cavassini M, 
Dollenmaier G, Egger M, Elzi L, Fehr J, Fellay J, Furrer H, Fux CA, 
Gorgievski M, Günthard H, Haerry D, Hasse B, Hirsch HH, Hoffmann M, 
Hösli I, Kahlert C, Kaiser L, Keiser O, Klimkait T, Kouyos R, Kovari H, 
Ledergerber B, Martinetti G, de Tejada BM, Marzolini C, Metzner K, Müller 
N, Nadal D, Nicca D, Pantaleo G, Rauch A, Regenass S, Rudin C, Schöni-
Affolter F, Schmid P, Speck R, Stöckle M, Tarr P, Trkola A, Vernazza P, 
Weber R, Yerly S. 2016. Tracing HIV-1 transmission: envelope traits of HIV-1 
transmitter and recipient pairs. Retrovirology 1–20. 

196. Liu Y, Curlin ME, Diem K, Zhao H, Ghosh AK, Zhu H, Woodward AS, 
Maenza J, Stevens CE, Stekler J, Collier AC, Genowati I, Deng W, Zioni R, 
Corey L, Zhu T, Mullins JI. 2008. Env length and N-linked glycosylation 
following transmission of human immunodeficiency virus Type 1 subtype B 
viruses. Virology 374:229–233. 

197. Gnanakaran S, Bhattacharya T, Daniels M, Keele BF, Hraber PT, Lapedes 
AS, Shen T, Gaschen B, Krishnamoorthy M, Li H, Decker JM, Salazar-
Gonzalez JF, Wang S, Jiang C, Gao F, Swanstrom R, Anderson JA, Ping L-
H, Cohen MS, Markowitz M, Goepfert PA, Saag MS, Eron JJ, Hicks CB, 
Blattner WA, Tomaras GD, Asmal M, Letvin NL, Gilbert PB, DeCamp AC, 
Magaret CA, Schief WR, Ban Y-EA, Zhang M, Soderberg KA, Sodroski JG, 
Haynes BF, Shaw GM, Hahn BH, Korber B. 2011. Recurrent Signature 
Patterns in HIV-1 B Clade Envelope Glycoproteins Associated with either Early 



	
	

46	

or Chronic Infections. PLoS Pathog 7:e1002209. 

198. Herbeck JT, Nickle DC, Learn GH, Gottlieb GS, Curlin ME, Heath L, Mullins 
JI. 2006. Human Immunodeficiency Virus Type 1 env Evolves toward Ancestral 
States upon Transmission to a New Host. Journal of Virology 80:1637–1644. 

199. Whitney JB, Hraber PT, Luedemann C, Giorgi EE, Daniels MG, 
Bhattacharya T, Rao SS, Mascola JR, Nabel GJ, Korber BT, Letvin NL. 
2011. Genital Tract Sequestration of SIV following Acute Infection. PLoS Pathog 
7:e1001293. 

200. Redd AD, Collinson-Streng AN, Chatziandreou N, Mullis CE, Laeyendecker 
O, Martens C, Ricklefs S, Kiwanuka N, Nyein PH, Lutalo T, Grabowski MK, 
Kong X, Manucci J, Sewankambo N, Wawer MJ, Gray RH, Porcella SF, 
Fauci AS, Sagar M, Serwadda D, Quinn TC. 2012. Previously Transmitted 
HIV-1 Strains Are Preferentially Selected During Subsequent Sexual 
Transmissions. J Infect Dis 206:1433–1442. 

201. Deymier MJ, Ende Z, Fenton-May AE, Dilernia DA, Kilembe W, Allen SA, 
Borrow P, Hunter E. 2015. Heterosexual Transmission of Subtype C HIV-1 
Selects Consensus-Like Variants without Increased Replicative Capacity or 
Interferon-α Resistance. PLoS Pathog 11:e1005154. 

202. Frater AJ, Brown H, Oxenius A, Gunthard HF, Hirschel B, Robinson N, 
Leslie AJ, Payne R, Crawford H, Prendergast A, Brander C, Kiepiela P, 
Walker BD, Goulder PJR, McLean A, Phillips RE, and the Swiss HIV-Cohort 
Study. 2007. Effective T-Cell Responses Select Human Immunodeficiency Virus 
Mutants and Slow Disease Progression. Journal of Virology 81:6742–6751. 

203. Crawford H, Lumm W, Leslie A, Schaefer M, Boeras D, Prado JG, Tang J, 
Farmer P, Ndung'u T, Lakhi S, Gilmour J, Goepfert P, Walker BD, Kaslow 
R, Mulenga J, Allen S, Goulder PJR, Hunter E. 2009. Evolution of HLA-
B*5703 HIV-1 escape mutations in HLA-B*5703–positive individuals and their 
transmission recipients. J Exp Med 206:909–921. 

204. Song H, Pavlicek JW, Cai F, Bhattacharya T, Li H, Iyer SS, Bar KJ, Decker 
JM, Goonetilleke N, Liu MKP, Berg A, Hora B, Drinker MS, Eudailey J, 
Pickeral J, Moody MA, Ferrari G, McMichael A, Perelson AS, Shaw GM, 
Hahn BH, Haynes BF, Gao F. 2012. Impact of immune escape mutations on 
HIV-1 fitness in the context of the cognate transmitted/founder genome. 
Retrovirology 9:89. 

205. Sather DN, Carbonetti S, Kehayia J, Kraft Z, Mikell I, Scheid JF, Klein F, 
Stamatatos L. 2012. Broadly Neutralizing Antibodies Developed by an HIV-
Positive Elite Neutralizer Exact a Replication Fitness Cost on the 
Contemporaneous Virus. Journal of Virology 86:12676–12685. 

206. Yue L, Pfafferott KJ, Baalwa J, Conrod K, Dong CC, Chui C, Rong R, 



	
	

47	

Claiborne DT, Prince JL, Tang J, Ribeiro RM, Cormier E, Hahn BH, 
Perelson AS, Shaw GM, Karita E, Gilmour J, Goepfert P, Derdeyn CA, Allen 
SA, Borrow P, Hunter E. 2015. Transmitted Virus Fitness and Host T Cell 
Responses Collectively Define Divergent Infection Outcomes in Two HIV-1 
Recipients. PLoS Pathog 11:e1004565. 

207. Lynch RM, Wong P, Tran L, O'Dell S, Nason MC, Li Y, Wu X, Mascola JR. 
2015. HIV-1 Fitness Cost Associated with Escape from the VRC01 Class of CD4 
Binding Site Neutralizing Antibodies. Journal of Virology 89:4201–4213. 

208. Friedrich TC, Dodds EJ, Yant LJ, Vojnov L, Rudersdorf R, Cullen C, Evans 
DT, Desrosiers RC, Mothé BR, Sidney J, Sette A, Kunstman K, Wolinsky S, 
Piatak M, Lifson J, Hughes AL, Wilson N, O'Connor DH, Watkins DI. 2004. 
Reversion of CTL escape–variant immunodeficiency viruses in vivo. Nat Med 
10:275–281. 

209. Cicala C, Martinelli E, McNally JP, Goode DJ, Gopaul R, Hiatt J, Jelicic K, 
Kottilil S, Macleod K, O'Shea A, Patel N, van Ryk D, Wei D, Pascuccio M, Yi 
L, McKinnon L, Izulla P, Kimani J, Kaul R, Fauci AS, Arthos J. 2009. The 
integrin a4b7 forms a complex with cell-surface CD4 and defines a T-cell subset 
that is highly susceptible to infection by HIV-1�. Proceedings of the … 106:1–6. 

210. Fenton-May AE, Dibben O, Emmerich T, Ding H, Pfafferott K, Aasa-
Chapman MM, Pellegrino P, Williams I, Cohen MS, Gao F, Shaw GM, Hahn 
BH, Ochsenbauer C, Kappes JC, Borrow P. 2013. Relative resistance of HIV-
1 founder viruses to control by interferon-alpha. Retrovirology 10:1–18. 

211. Frankel AD, Young JAT. 2016. HIV-1: Fifteen Proteins and an RNA. Annu Rev 
Biochem 67:1–27. 

212. Collins DR, Collins KL. 2014. HIV-1 Accessory Proteins Adapt Cellular 
Adaptors to Facilitate Immune Evasion. PLoS Pathog 10:e1003851. 

213. Malim MH, Emerman M. 2008. HIV-1 Accessory Proteins—Ensuring Viral 
Survival in a Hostile Environment. Cell Host & Microbe 3:388–398. 

214. Strebel K. 2013. HIV accessory proteins versus host restriction factors. Curr 
Opin Virol 3:692–699. 

215. Sauter D, Schindler M, Specht A, Landford WN, Münch J, Kim K-A, Votteler 
J, Schubert U, Bibollet-Ruche F, Keele BF, Takehisa J, Ogando Y, 
Ochsenbauer C, Kappes JC, Ayouba A, Peeters M, Learn GH, Shaw G, 
Sharp PM, Bieniasz P, Hahn BH, Hatziioannou T, Kirchhoff F. 2009. 
Tetherin-Driven Adaptation of Vpu and Nef Function and the Evolution of 
Pandemic and Nonpandemic HIV-1 Strains. Cell Host & Microbe 6:409–421. 

216. Krupp A, McCarthy KR, Ooms M, Letko M, Morgan JS, Simon V, Johnson 
WE. 2013. APOBEC3G polymorphism as a selective barrier to cross-species 



	
	

48	

transmission and emergence of pathogenic SIV and AIDS in a primate host. 
PLoS Pathog 9:e1003641. 

217. Etienne L, Bibollet-Ruche F, Sudamant P, Wu LI, Hahn BH, Emerman M. 
2015. The Role of the Antiviral APOBEC3 GeneFamily in Protecting 
Chimpanzees againstLentiviruses from Monkeys. PLoS Pathog 1–24. 

218. Gabuzda D, Lawrence K, Langhoff E, Terwilliger E, Dorfman T, Haseltine 
WA, Sodroski J. 1992. Role of vif in Replication of HIV type 1 in CD4+ T 
lymphocytes. Journal of Virology 66:1–7. 

219. Schewdler von U, Song J, Aiken C, Trona. 1993. vif Is Crucial for Human 
Immunodeficiency Virus Type 1 Proviral DNA Synthesis in Infected Cells. 
Journal of Virology 67:1–11. 

220. Madani N, Kabat D. 1998. An Endogenous Inhibitor of Human 
Immunodeficiency Virus in Human Lymphocytes Is Overcome by the Viral Vif 
Protein. Journal of Virology 72:1–5. 

221. Simon JH, Gaddis NC, FOuchier RA, Malim MH. 1998. Evidence for a newly 
discovered cellular anti-HIV-1 phenotype. Nat Med 4:1397–1400. 

222. Sheehy AM, Gaddis NC, Choi JD, Malim MH. 2002. Isolation of a human gene 
that inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature 
418:646–650. 

223. Desimmie BA, Delviks-Frankenberrry KA, Burdick RC, Qi D, Izumi T, 
Pathak VK. 2014. Multiple APOBEC3 Restriction Factors for HIV-1 and One Vif 
to Rule Them All. Journal of Molecular Biology 426:1220–1245. 

224. Terwilliger E, Cohen EA, Lu Y, Sodroski JG, Haseltine WA. 1989. Functional 
role of human immunodeficiency virus type 1 vpu. Proceedings of the … 86:1–5. 

225. KK S, Klimkait T, Maldarelli F, Martin MA. 1989. Molecular and Biochemical 
analyses of human immunodeficiency virus type I vpu protein. Journal of 
Virology 63:1–8. 

226. Klimkait T, Strebel K, Hoggan DM, Martin MA, Orenstein JM. 1990. The 
Human Immunodeficiency Virus type 1-specific protein vpu is required for 
efficient virus maturation and release 64:1–9. 

227. Gottlinger HG, Dorfman T, Cohen EA, Haseltine WA. 1993. Vpu protein of 
human immunodeficiency virus type 1 enhances the release of capsids 
produced by gag gene constructs of widely divergentretroviruses. Proceedings 
of the … 90:1–5. 

228. Neil S, Sandrin V, Sundquist WI, Bieniasz PD. 2007. ScienceDirect.com - Cell 
Host & Microbe - An Interferon-α-Induced Tethering Mechanism Inhibits HIV-1 



	
	

49	

and Ebola Virus Particle Release but Is Counteracted by the HIV-1 Vpu Protein. 
Cell Host & Microbe. 

229. Neil SJD, Zang T, Bieniasz PD. 2008. Tetherin inhibits retrovirus release and is 
antagonized by HIV-1 Vpu. Nature 451:425–430. 

230. Neil SJD, Eastman SW, Jouvenet N, Bieniasz PD. 2006. HIV-1 Vpu Promotes 
Release and Prevents Endocytosis of Nascent Retrovirus Particles from the 
Plasma Membrane. PLoS Pathog 2:e39. 

231. Van Damme N, Goff D, Katsura C, Jorgenson RL. 2008. ScienceDirect.com - 
Cell Host & Microbe - The Interferon-Induced Protein BST-2 Restricts HIV-1 
Release and Is Downregulated from the Cell Surface by the Viral Vpu Protein. 
Cell host & …. 

232. Cocka LJ, Bates P. 2012. PLOS Pathogens: Identification of Alternatively 
Translated Tetherin Isoforms with Differing Antiviral and Signaling Activities. 
PLoS Pathog. 

233. Douglas JL, Viswanathan K, McCarroll MN, Gustin JK, Fruh K, Moses AV. 
2009. Vpu Directs the Degradation of the Human Immunodeficiency Virus 
Restriction Factor BST-2/Tetherin via a  TrCP-Dependent Mechanism. Journal 
of Virology 83:7931–7947. 

234. Jolly C, Booth NJ, Neil SJD. 2010. Cell-Cell Spread of Human 
Immunodeficiency Virus Type 1 Overcomes Tetherin/BST-2-Mediated 
Restriction in T cells. Journal of Virology 84:12185–12199. 

235. Abela IA, Berlinger L, Schanz M, Reynell L, Günthard HF, Rusert P, Trkola 
A. 2012. Cell-cell transmission enables HIV-1 to evade inhibition by potent 
CD4bs directed antibodies. PLoS Pathog 8:e1002634. 

236. Sauter D, Vogl M, Kirchhoff F. 2011. Ancient origin of a deletion in human 
BST2/Tetherin that confers protection against viral zoonoses. Hum Mutat 
32:1243–1245. 

237. Sauter D, Switzer WM, Heneine W, Kirchhoff F. 2012. Evolutionary and 
functional analyses of the interaction between the myeloid restriction factor 
SAMHD1 and the lentiviral Vpx protein. Cell Host & Microbe. 

238. Petit SJ, Plantier JC, Towers GJ, Kirchhoff F. 2011. HIV-1 Group P is unable 
to antagonize human tetherin by Vpu, Env or Nef. …. 

239. Vigan R, Neil SJD. 2011. Separable Determinants of Subcellular Localization 
and Interaction Account for the Inability of Group O HIV-1 Vpu To Counteract 
Tetherin. Journal of Virology 85:9737–9748. 

240. Yang SJ, Lopez LA, Exline CM, Haworth KG, Cannon PM. 2011. Lack of 



	
	

50	

adaptation to human tetherin in HIV-1 Group O and P. Retrovirology 8:78. 

241. Schubert U, Anton LC, Bacik I, Cox JH, Bour S, Bennink JR, Orlowski M, 
KK S, Yewdell JW. 1998. CD4 Glycoprotein Degradation Induced by Human 
Immunodeficiency Virus Type 1 Vpu Protein Requires the Function of 
Proteasomes and the Ubiquitin-Conjugating Pathway. Journal of Virology 72:1–
9. 

242. Willey RL, Malderalli F, Martin MA, Strebel K. 1992. Human 
Immunodeficiency Virus Type 1 Vpu protein indices rapid degradation of CD4. 
Journal of Virology 66:1–8. 

243. Magadán JG, Pérez-Victoria FJ, Sougrat R, Ye Y, Strebel K, Bonifacino JS. 
2010. Multilayered Mechanism of CD4 Downregulation by HIV-1 Vpu Involving 
Distinct ER Retention and ERAD Targeting Steps. PLoS Pathog 6:e1000869. 

244. Vincent MJ, Raja NU, Jabbar MA. 2007. Human Immunodeficiency Virus type I 
Vpu protein induces degradation of chimeric envelope glycoproteins bearing the 
cytoplasmic and anchor domains of CD4 : Role of the cytoplasmic domain in 
Vpu-Induced degradation in the endoplasmic reticulum. Journal of Virology 
67:1–12. 

245. Sauter D, Hotter D, Van Driessche B, Stürzel CM, Kluge SF, Wildum S, Yu 
H, Baumann B, Wirth T, Plantier J-C, Leoz M, Hahn BH, Van Lint C, 
Kirchhoff F. 2015. Differential Regulation of NF-κB-Mediated Proviral and 
Antiviral Host Gene Expression by Primate Lentiviral Nef and Vpu Proteins. Cell 
Reports 10:586–599. 

246. Sauter D, Kirchhoff F. 2015. HIV replication : a game of hide and sense 1–9. 

247. He J, Choe S, Walker R, Marzio PD, Morgan DO, Landau NR. 1995. Human 
Immunodeficiency Virus Type 1 Viral Protein R (Vpr) Arrests Cells in the G. 
Journal of Virology 69:1–7. 

248. Jowett JBM, Planelles V, Poon B, Shah NP, Chen M-L, Chen ISY. 1995. The 
Human Immunodeficiency Virus Type 1 vpr grne arrests infected T cells in the 
G2+M phase of the cell cycle. Journal of Virology 69:1–10. 

249. Re F, Braaten D, Franke EK, Luban J. 1995. Human Immunodeficiency Virus 
Type 1 Vpr Arrests the Cell Cycle in G2 by inhibiting the activation of p34cdc2-
cyclin B. Journal of Virology 69:1–6. 

250. Laguette N, Brégnard C, Hue P, Basbous J, Yatim A, Larroque M, Kirchhoff 
F, Constantinou A, Sobhian B, Benkirane M. 2014. Premature Activation of 
the SLX4 Complex by Vpr Promotes G2/M Arrest and Escape from Innate 
Immune Sensing. Cell 1–12. 

251. Rice AP, Kimata JT. 2015. Subversion of Cell Cycle Regulatory Mechanisms 



	
	

51	

by HIV. Cell Host & Microbe 17:736–740. 

252. Deacon NJ, Tsykin A, Solomon AE, Smith KM, Ludford-Menting M, Hooker 
DJ, McPhee DA, Greenway AL, Ellet A, Chatfield C, LAwson VA, Crowe S, 
Maerz A, Sonza S, Learmont J, Sullivan JS, Cunningham A, Dwyer D, 
Dowton D, Mills J. 2016. Genomic structure of an attenuated quasi species of 
HIV-1 from a blood transfusion donor and recipients. Science 270:1–5. 

253. Learmont J, Tindall B, Evans L, Cunningham A, Cunningham P, Wells J, 
PEnny R, Kaldor J, Cooper DA. 1992. Long-term symptomless HIV-1 infection 
in recipients of blood products from a single donor. The Lancet 340:1–5. 

254. Kestler HW, Ringler DJ, Mori K, Panicali DL, Sehgal PK, Daniel MD, 
Desrosiers RC. 1991. Importance of the nef gene for maintenance of high virus 
loads and for development of AIDS. Cell 65:651–662. 

255. Aiken C, Konner J, Landau NR, Lenburg ME, Trono D. 1994. Nef Induces 
CD4 Endocytosis:Requirement for a Critical Dileucine Motifin the Membrane-
Proximal. Cell 76:1–12. 

256. Veillette M, Desormeaux A, Medjahed H, Gharsallah NE, Coutu M, Baalwa 
J, Guan Y, Lewis G, Ferrari G, Hahn BH, Haynes BF, Robinson JE, 
Kaufmann DE, Bonsignori M, Sodroski J, Finzi A, Silvestri G. 2014. 
Interaction with Cellular CD4 Exposes HIV-1 Envelope Epitopes Targeted by 
Antibody-Dependent Cell-Mediated Cytotoxicity. Journal of Virology 88:2633–
2644. 

257. Veillette M, Coutu M, Richard J, Batraville L-A, Dagher O, Bernard N, 
Tremblay C, Kaufmann DE, Roger M, Finzi A. 2014. The HIV-1 gp120 CD4-
bound conformation is preferentially targeted by ADCC-mediating antibodies in 
sera from HIV-1 infected individuals. Journal of Virology 89:545–551. 

258. Ren X, Park SY, Bonifacino JS, Hurley JH. 2014. How HIV-1 Nef hijacks the 
Ap2 clathrin adaptor to doenregulate CD4. eLife 3:213. 

259. Swigut T, Alexander L, Morgan J, Lifson J, Mansfield KG, Lang S, Johnson 
RP, Skowronski J, Desrosiers R. 2004. Impact of Nef-Mediated 
Downregulation of Major Histocompatibility Complex Class I on Immune 
Response to Simian Immunodeficiency Virus. Journal of Virology 78:13335–
13344. 

260. Sauter D, Hotter D, Van Driessche B, Stürzel CM, Kluge SF, Wildum S, Yu 
H, Baumann B, Wirth T, Plantier J-C, Leoz M, Hahn BH, Van Lint C, 
Kirchhoff F. 2015. Differential Regulation of NF-&kappa;B-Mediated Proviral 
and Antiviral Host Gene Expression by Primate Lentiviral Nef and Vpu Proteins. 
CellReports 10:586–599. 

261. Sugden S, Bego M, Pham T, Cohen É. 2016. Remodeling of the Host Cell 



	
	

52	

Plasma Membrane by HIV-1 Nef and Vpu: A Strategy to Ensure Viral Fitness 
and Persistence. Viruses 8:67. 

262. Rosa A, Chande A, Ziglio S, De Sanctis V, Bertorelli R, Goh SL, McCauley 
SM, Nowosielska A, Antonarakis SE, Luban J, Santoni FA, Pizzato M. 2015. 
HIV-1 Nef promotes infection by excluding SERINC5 from virion incorporation. 
Nature. 

263. Usami Y, Wu Y, Gottlinger HG. 2015. SERINC3 and SERINC5 restrict HIV-1 
infectivity and are counteracted by Nef. Nature. 

264. Sugden S, Bego M, Pham T, Cohen É. 2016. Remodeling of the Host Cell 
Plasma Membrane by HIV-1 Nef and Vpu: A Strategy to Ensure Viral Fitness 
and Persistence. Viruses 8:67. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
	

53	

CHAPTER 2 

 

 

 

RESISTANCE TO TYPE 1 INTERFERONS IS A MAJOR DETERMINANT OF HIV-1 

TRANSMISSION FITNESS 
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Section 2.1 – Abstract 

 

 

 

Sexual transmission of HIV-1 is an inefficient process, with only one or few variants of the donor 

quasispecies establishing the new infection. A critical, and as yet unresolved, question is whether 

the mucosal bottleneck selects for viruses with increased transmission fitness. Here, we 

characterized 300 limiting dilution-derived virus isolates from the plasma, and in some instances 

genital secretions, of eight HIV-1 donor and recipient pairs. Although there were no differences in 

the amount of virion-associated envelope glycoprotein, recipient isolates were on average 3-fold 

more infectious (P = 0.0001), replicated to 1.4-fold higher titers (P = 0.004), were released from 

infected cells 4.2-fold more efficiently (P < 0.00001), and were significantly more resistant to type 

I interferons (IFNs) than the corresponding donor isolates. Remarkably, transmitted viruses 

exhibited 7.8-fold higher IFNα2 (P < 0.00001) and 39-fold higher IFNβ (P < 0.00001) half-maximal 

inhibitory concentrations (IC50) than did donor isolates, and their odds of replicating in CD4+ T 

cells at the highest IFNα2 and IFNβ doses were 35-fold (P < 0.00001) and 250-fold (P < 0.00001) 

greater, respectively. Interestingly, pretreatment of CD4+ T cells with IFNβ, but not IFNα2, 

selected donor plasma isolates that exhibited a transmitted virus-like phenotype, and such 

viruses were also detected in the donor genital tract. These data indicate that transmitted viruses 

are phenotypically distinct, and that increased IFN resistance represents their most distinguishing 

property. Thus, the mucosal bottleneck selects for viruses that are able to replicate and spread 

efficiently in the face of a potent innate immune response.  
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Section 2.2 – Significance 

 

Effective prevention strategies are urgently needed to control the spread of HIV-1. A critical 

barrier to developing such strategies is the lack of understanding of the host antiviral defenses 

that control HIV-1 replication in the mucosa at the site of entry. Here, we characterized viruses 

from matched donor and recipient pairs to determine whether transmitted HIV-1 strains exhibit 

traits that increase their transmission fitness. Characterizing 300 limiting dilution-derived isolates, 

we identified several properties that enhance virus replication in the face of a vigorous innate 

immune response, of which resistance to type 1 IFNs is the most important. These results provide 

new insights into the HIV-1 transmission process and define possible new targets for AIDS 

prevention and therapy.  
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Section 2.3 – Introduction  

 

Understanding the host and viral factors that influence HIV-1 transmission may aid the 

development of an effective AIDS vaccine. In 2015, approximately 2 million individuals were 

newly infected with HIV-1, the great majority of whom acquired the virus by sexual routes (1). 

Although a number of factors, such as high donor viral loads, genital inflammation, altered 

mucosal microbiota, and recipient gender, are known to increase the infection risk (2-4), virus 

transmission across intact mucosal surfaces is inherently inefficient, with only a small fraction 

(less than 1%) of unprotected sexual exposures leading to productive infection (5-8). This 

inefficiency is exemplified by a stringent population bottleneck, in which only one or a limited 

number of variants from the diverse quasispecies of the transmitting donor establish the new 

infection (9). Transmitted viruses are not usually the most abundant strains in the genital 

secretions of infected donors (10), and analyses of viral sequences from 137 matched donor and 

recipient pairs indicated that viruses with a more ancestral genotype are preferentially transmitted 

(11). These data suggested that mucosal transmission selects for variants with enhanced 

transmission fitness (11). However, the viral properties that contribute to this transmission fitness 

have not been defined.  

 For obvious reasons, viruses cannot be collected from, or studied in, humans at the time 

of transmission. However, by sequencing plasma virion RNA (vRNA) in the first few weeks 

following transmission, it is possible to enumerate and infer the genome(s) of the virus(es) that 

established the infection (9, 12-14).  In the absence of adaptive immune pressures, HIV-1 

diversifies in a random fashion, with viral sequences exhibiting a Poisson distribution of mutations 

and a star-like phylogeny that coalesces to an inferred consensus sequence. This consensus 

sequence represents the genome of the virus that initiated the infection, termed the transmitted 

founder (TF) virus (9). Single genome amplification (SGA) of plasma vRNA, which precludes PCR 
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artifacts such as Taq polymerase mediated recombination (15-18), revealed that in the great 

majority (~80%) of sexual transmission cases, a single TF virus establishes the new infection (9, 

12, 13, 19-21). 

 The ability to infer and molecularly clone the genomes of TF viruses has permitted their 

biological characterization. Initial studies showed that TF viruses use CD4 and CCR5 as their 

receptor and co-receptor, and replicate efficiently in activated CD4+ T cells but not macrophages 

(14, 22-25). Moreover, analysis of a comprehensive panel of infectious molecular clones (IMCs) 

showed that TF viruses packaged more envelope glycoprotein (Env), exhibited greater infectivity, 

bound to monocyte-derived dendritic cells more efficiently, and replicated to higher titers in CD4+ 

T cells in the presence of the type 1 interferon IFNα2 than chronic control (CC) viruses (26). 

However, a potential confounder of these studies was the fact that TF and CC viruses were not 

derived from epidemiologically linked transmission pairs. To compare transmitted and non-

transmitted viruses close to the time of transmission, two recent studies characterized the 

phenotype of viruses from matched donor and recipient pairs (27, 28). Examining various 

biological properties, including the sensitivity of donor and recipient viruses to IFNα2, both studies 

failed to identify viral traits that were indicative of enhanced transmission fitness (27, 28). 

 Innate immune responses, in particular type 1 IFNs, represent a potent first-line defense 

against many pathogens, including primate lentiviruses (29-33). Consistent with this, treatment of 

rhesus macaques with pegylated IFNα2 increased the number of intrarectal challenges required 

to achieve systemic SIVmac infection and decreased the number of transmitted founder viruses 

(34). Similarly, mucosal application of IFNβ protected macaques from repeated intrarectal and 

intravaginal challenges with a simian-human immunodeficiency virus (SHIV) (35). Since type 1 

IFNs are rapidly upregulated at mucosal sites of virus replication in SIVmac infected macaques 

(36), and bioactive IFN levels are highly elevated during acute HIV-1 infection (37), we 

hypothesized that IFN-mediated antiviral activity contributes to the HIV-1 transmission bottleneck. 

To test this, we generated a large panel of limiting dilution derived isolates from the plasma and 
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genital secretions of chronically infected donors and their matched recipients. Analyzing 300 such 

isolates, we identified a number of biological properties that are associated with increased 

transmission fitness, all of which serve to enhance HIV-1 replication and spread in the face of a 

vigorous innate immune response. 
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Section 2.4 – Results 

 

Generation of limiting dilution HIV-1 isolates from sexual transmission pairs. Molecular 

cloning of HIV-1 genomes is labor intensive and thus limits the number of IMCs that can 

reasonably be characterized. Moreover, predicting which viral genomes are functional in 

chronically infected individuals is challenging, because immune escape mutations frequently incur 

fitness costs (38-45). Virus isolation represents an alternative to cloning, but bulk cultures cannot 

account for the biological variation of individual quasispecies members. Here, we used limiting 

dilution virus isolation to generate single virion-derived HIV-1 strains from eight sexual 

transmission pairs. These included four female-to-male (FTM) transmissions (subtype C) from 

southern Africa as well as from one male-to-female (MTF) and three men-who-have-sex-with-

men (MSM) transmissions (subtype B) from the US (SI Appendix, Table S1). In all but one case, 

the newly infected recipient was identified first as part of an acute infection cohort, while the 

transmitting partner was identified retrospectively. Phylogenetic analysis of SGA-derived plasma 

viral sequences confirmed that all transmission pairs were epidemiologically linked (SI Appendix, 

Fig. S2.1) and showed that two recipients (CH378, CH831) had acquired their infection from the 

same donor (CH742). Seven of the eight recipients were infected with a single TF virus, while the 

remaining subject (CH378) acquired at least two TF viruses (SI Appendix, Fig. S2.2). All subjects 

remained treatment naïve throughout the study. 

 To generate limiting dilution-derived viral isolates, plasma as well as cell-free fractions of 

cervicovaginal lavage (CVL) and semen (SEM) samples were end-point diluted and used to infect 

activated normal donor CD4+ T-cells in 24 well plates. According to a Poisson distribution, a 

dilution that yields positive cultures in no more than 30% of wells should contain a single 

infectious unit more than 80% of the time. Cultures were maintained for 20 days, tested for p24 
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antigen production, and virus positive wells were expanded further in normal donor CD4+ T cells 

for an additional 10 days. The resulting viral stocks were used for all subsequent genetic and 

biological analyses.  

 To ensure that the limiting dilution isolates were indeed single virion-derived, we 

sequenced all stocks prior to biological characterization. Briefly, 5’ and 3’ half genomes were 

PCR amplified, MiSeq sequenced, and the resulting reads assembled to generate an isolate 

specific consensus sequence. Viral reads were then mapped to this consensus sequence and the 

extent of genetic diversity was examined for each position along the genome. Isolates that 

exhibited more than 15% diversity at any one position in the alignment were considered to 

contain more than one variant and thus removed from further analysis. To control for the 

emergence of phenotypically distinct variants in the culture, we generated limiting dilution isolates 

from all acutely infected subjects even though TF IMCs were available for two recipients (14, 26). 

Using plasma samples collected closest to the time of transmission, we generated 95 donor and 

61 recipient isolates (SI Appendix, Table S2.1). Virus isolation from CVL and SEM samples was 

more challenging, because of lower viral loads, frequent bacterial and yeast contaminations, and 

the fact that many genital secretions were inherently cytotoxic for CD4+ T cells (46).  

Nonetheless, we were able to generate limiting dilution isolates from the CVL or semen samples 

of three transmitting donors (SI Appendix, Table S1).  

  

Limiting dilution HIV-1 isolates are representative of the donor quasispecies. To determine 

whether the limiting dilution isolates were representative of the viral quasispecies present in both 

donors and recipients, we compared all isolate-derived sequences to SGA derived vRNA 

sequences amplified directly from the blood of the same individual. In phylogenetic trees of 3’ half 

genome sequences, isolate and plasma vRNA sequences were completely interspersed (Figs. 

2.1A and SI Appendix, Fig. S2.3). To assess whether isolate and plasma viral sequences from 
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chronically infected donors were segregated, we calculated their genealogical sorting index (gsi) 

(47). Two donor samples yielded gsi values that were higher than expected from random 

segregation (SI Appendix, Table S2.2A). In one case (CH212), available isolates represented 

only two of three diverse viral lineages present in this donor’s quasispecies, indicating limited 

sampling (SI Appendix, Fig. S2.3F). In the other case (CH728), two pairs of near identical isolate 

sequences indicated repeat culture of the same virus (SI Appendix, Fig. S2.3C). Collapsing one 

of these to a single sequence rendered the gsi value non-significant. For all other subjects, there 

was no evidence for segregation (SI Appendix, Table S2.2A), indicating that the isolates were 

fully representative of the viral diversity present in the plasma. As expected, plasma isolates from 

single TF infections were very closely related, differing from each other by fewer than 8 (range 2-

7) and from the inferred TF genome by fewer than 12 (range 2-11) nucleotides across the entire 

genome (SI Appendix, Fig. S2.2). Plasma isolates from subject CH378 exhibited greater diversity, 

because they represented the progeny of two TF viruses as well as their recombinants (SI 

Appendix, Fig. S2.2A). Unlike in some previous studies (8), there was no evidence of 

compartmentalization of plasma and genital secretion isolates from donors CH492 and CH742 (SI 

Appendix, Fig. S2.3 and Table S2.2B).   

 

Increased Env content is not a characteristic feature of transmitted viruses. Comparing 

viruses from unrelated subjects, we previously reported that TF IMCs package on average 1.9-

fold more envelope glycoprotein (Env) than viruses circulating in the plasma of chronically 

infected individuals (26). To examine the Env content of matched donor and recipient isolates, we 

generated viral stocks in normal donor CD4+ T cells, depleted these of microvesicles, purified 

virions using antibody coated magnetic beads, and quantified Env by enzyme-linked 

immunosorbent assay (ELISA) per unit of RT activity. We found that plasma isolates varied 

widely in the amounts of Env that they packaged, but failed to identify consistent differences 

between donor and recipient isolates. Recipient isolates packaged either significantly more, less, 
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or similar amounts of Env compared to their corresponding donor viruses (Figs. 2.1B and SI 

Appendix, Fig. S2.4A). For one donor (CH492), genital tract isolates had a 2.4-fold higher mean 

Env content than the corresponding plasma isolates, but this was not the case for the other two 

donors (Figs. 2.1B and SI Appendix, Fig. S2.4A). When data from all pairs were combined, no 

significant differences in Env content were observed between donor and recipient isolates, 

plasma and genital secretion isolates, and subtype B and C recipient isolates (Fig. 2.1C). These 

data indicate that mucosal transmission does not select for viruses with an increased Env 

content. 

 

Transmitted viruses exhibit increased particle infectivity. We previously reported that TF 

viruses were 2-fold more infectious than chronic viruses from unrelated subjects (26), but two 

subsequent studies failed to identify virus infectivity as a determinant of transmission fitness (27, 

28). Here, we used TZM-bl cells, which express luciferase under the control of an HIV-1 promoter 

(48, 49), to determine the per-particle infectivity of CD4+ T cell-derived viral stocks. To limit virus 

infection to a single round, we added the fusion inhibitor T1249 (50) to all cultures 12-15 hours 

following infection. Plotting relative light units (RLUs) per amount of input virus (pg of RT), we 

found that donor plasma isolates exhibited a wide range of particle infectivity both within and 

between individuals, while the infectivity of recipient isolates was much less variable. Moreover, 

for seven transmission pairs, recipient viruses were significantly (2 to 8-fold) more infectious than 

the corresponding donor viruses, with a trend observed for the eighth pair (Figs. 2.1D and SI 

Appendix, Fig. S2.4B). Higher particle infectivity relative to plasma viruses was also observed for 

CVL and SEM isolates from two donors (1.8- and 3.2-fold, respectively), but not for the third 

donor, although in the latter case only two CVL isolates were available for comparison (Fig. 2.1D 

and SI Appendix, Fig. S2.4B). When data from all transmission pairs were combined, recipient 

isolates were on average 3-fold more infectious (P = 0.0001) than the corresponding donor 

isolates irrespective of their subtype (Fig. 2.1E). Donor genital secretion isolates tended to be 
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more infectious than the corresponding plasma isolates, but this did not reach statistical 

significance. Thus, mucosal transmission selects for viruses with increased particle infectivity, 

some of which are present in genital secretions.  

 

Transmitted viruses replicate to higher titers. The replicative capacity of viruses can influence 

their reproductive ratio (R0) and thus their ability to expand an initial infection (51). Comparing 

IMCs from unrelated subjects, we previously failed to detect differences in the growth potential of 

TF and chronic HIV-1 strains (26), and similar results were reported for donor and recipient 

viruses from transmission pairs (27, 28). Here, we compared the replicative capacity of limiting 

dilution-derived isolates in normal donor CD4+ T cells.  Using equal numbers of particles for viral 

input (1 ng of RT activity), we monitored the growth kinetics of a subset of isolates (n = 25) for 9 

days by measuring p24 antigen in culture supernatants every 48 hours. We then determined the 

area under the curve (AUC) and compared it with p24 values measured at individual time points. 

This analysis revealed a strong correlation between the AUC and p24 production at day 7 (r = 

0.99, P < 0.0001). We thus used the latter as a measure of viral replicative capacity for all 

remaining isolates.  

 Transmitting donor isolates varied widely in their replicative capacity, and this was also 

true for some recipient isolates. However, recipient isolates replicated on average between 1.2 

and 1.7-fold more efficiently than viruses isolated from the corresponding donors (Figs. 2.1F and 

SI Appendix, Fig. S2.4C). These differences were significant for seven transmission pairs, with a 

trend observed for the eighth pair (Figs. 2.1F and SI Appendix, Fig. S2.4C). In contrast, genital 

secretion isolates did not exhibit an increased replicative capacity. Combining results from all 

transmission pairs, we found that on average recipient isolates grew to 1.4-fold higher titers than 

their corresponding donor isolates (P = 0.004), while no significant differences were observed 

between plasma and genital secretion isolates, or between recipient isolates representing 
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subtype B and C infections (Fig. 2.1G). These data indicate that mucosal transmission selects for 

viruses with enhanced replicative capacity.    

 

Transmitted viruses are uniformly resistant to type I interferons. We previously reported that 

TF viruses are more resistant to IFNα2 than viruses from chronically infected individuals (26, 52). 

However, two subsequent studies of linked transmission pairs failed to confirm this phenotype, 

with one study finding no differences in IFNα2 resistance between transmitted and non-

transmitted viruses (27), and the other reporting transmitted viruses being more IFNα2 sensitive 

(28). To resolve these differences, we tested the IFN sensitivity of the limiting dilution-derived 

isolates, but with some experimental modifications. First, instead of testing only IFNα2, we 

measured the antiviral effect of a second potent inhibitor of HIV-1, IFNβ (35, 52) Second, rather 

than examining the effect of only a single IFN inhibitory dose (26-28, 53), we determined the half-

maximal inhibitory concentration (IC50) of both IFNα2 and IFNβ for every single isolate.  This was 

done by treating normal donor CD4+ T cells with increasing quantities of IFN, infecting them with 

equal amounts of virus, and culturing the cells for 7 days while replenishing IFN-containing 

medium. Virus replication was then measured for each IFN concentration as the amount of p24 

produced at day 7 and plotted as the percentage of viral growth in the absence of IFN, which was 

set to 100% (Fig. 2.2A and B). As an independent measure of IFN resistance, we also measured 

viral replication at the highest IFN dose and expressed this residual replication capacity (Vres) as 

the percentage of viral growth in the absence of IFN (Fig. 2.2A and B, SI Appendix, Fig. S2.5B 

and D).   

 For each transmission pair, plasma isolates from donors exhibited a wide range of 

sensitivities to both IFNα2 and IFNβ, while recipient isolates were much less variable as well as 

uniformly more resistant to both IFNα2 and IFNβ (Fig. 2.2C and E). Compared to the respective 

donor isolates, recipient isolates exhibited on average 6- to 11-fold higher IFNα2, and 15- to 71-
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fold higher IFNβ IC50 values (SI Appendix, Fig. S2.5A and C). Analysis of the residual replicative 

capacity, Vres, yielded similar results, although the differences between donor and recipient 

isolates were much more pronounced. At the highest IFNα2 dose (5.5 pg/ml), recipient isolates 

retained on average 15% to 26% of their replicative capacity, while the corresponding donor 

viruses reached only 0.8% to 2% (SI Appendix, Fig. S2.5B). At the highest IFNβ dose (0.44 

pg/ml), recipient viruses retained on average 4% to 13% of their replicative capacity, while the 

corresponding donor isolates were either suppressed below the limits of p24 detection or reached 

Vres values of 0.01% to 0.1% (SI Appendix, Fig. S2.5D). Thus, the ability of recipient isolates to 

replicate at the highest IFN dose was 13- to 51-fold higher for IFNα2, and 123- to 541-fold higher 

for IFNβ, compared to the corresponding donor viruses (SI Appendix, Fig. S2.5B and D).  

 Examining genital tract isolates, we found that they also exhibited higher IFNα2 and IFNβ 

IC50 values than the corresponding plasma isolates, although significance was reached only for 

IFNβ (P = 0.04) (Fig. 2.2F). In addition, genital tract isolates exhibited higher Vres values, but in 

this case significance was reached only for IFNα2 (P = 0.008) (SI Appendix, Fig. S2.6B). 

Comparing IC50 and Vres, we found that these values correlated strongly for donor plasma 

isolates (IFNα2: r = 0.89, P < 0.0001; IFNβ: r = 0.57, P < 0.0001), but only weakly for donor 

genital secretion isolates (IFNα2: r = 0.34, P < 0.05; IFNβ: r = 0.40, P < 0.01), indicating that IC50 

and Vres provide different measures of the antiviral effect of IFNs in these compartments. 

Similarly, IC50 values for IFNα2 and IFNβ correlated only weakly (r = 0.33, P = 0.048), indicating 

only a partial overlap in the effects of the two IFN subtypes on the activation state, survival, and 

ISG expression levels of CD4+ T cells.  

 Combining data from all transmission pairs, we found that recipient isolates were on 

average significantly more resistant to both IFNα2 and IFNβ than the corresponding donor 

isolates, exhibiting 7.8-fold (P < 0.00001) and 39-fold (P < 0.00001) higher IC50 values, 

respectively (Fig. 2.2D and F).  Moreover, recipient isolates had 35-fold (P < 0.00001) and 250-

fold (P < 0.00001) greater odds of replicating at the highest IFNα2 (SI Appendix, Fig. S2.6B) and 
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IFNβ (SI Appendix, Fig. S2.6D) doses than the great majority of donor viruses, respectively. 

These differences were not dependent on the viral subtype (Fig. 2.2D and F). Thus, resistance to 

type 1 IFNs is a characteristic feature of transmitted viruses.   

 

Selection with IFNβ, but not IFNα2, yields donor isolates with a transmitted virus-like 

phenotype. To search for IFN resistant viruses in donor plasma, we treated CD4+ T-cells with 

high doses of IFNα2 (4.0 pg/ml) or IFNβ (0.44 ng/ml) 24 hours prior to virus isolation. The 

rationale was to maximally upregulate antiviral ISGs in these target cells (without causing cell 

toxicity), thereby simulating, at least in part, conditions during the earliest stages of HIV-1 

infection. As a control, the same approach was used to isolate viruses from recipient plasma. As 

expected, the number of viral isolates recovered from pretreated CD4+ T cells was lower than 

from untreated CD4+ T cells, especially when IFNβ was used for selection (SI Appendix, Table 

S1). Thus, while IFNα2 pretreatment yielded plasma isolates for all donors and recipients, only 

three donors and two recipients yielded IFNβ preselected plasma isolates. This was as expected 

since the selection dose of IFNβ was six orders of magnitude higher than the average IFNβ IC50 

value of all isolates (IFNα2 doses higher than 5.5 pg/ml caused cell toxicity). Phylogenetic 

analyses of full-length genome sequences revealed no evidence of compartmentalization of 

selected and non-selected isolates (SI Appendix, Fig. S2.7, Table S2.2C).  

 IC50 determinations confirmed that donor isolates from IFN pretreated cells were indeed 

more IFN resistant than those derived from untreated CD4+ T cells, while no changes were 

observed for recipient isolates (Fig. 2.3).  For example, IFNα2- and IFNβ-selected plasma 

isolates from donor CH492 had mean IFNα2 and IFNβ IC50 values than were 7.6-fold and 31-fold 

higher than those of untreated plasma isolates (Fig. 2.3A and C). However, resistance to one IFN 

subtype did not always predict resistance to the other. For donor CH492, IFNβ pretreatment 

generated isolates that were also highly resistant to IFNα2 (Fig. 2.3A), while IFNα2 pretreatment 
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generated isolates with a wide range of IFNβ IC50 values, including some as low as untreated 

isolates (Fig. 2.3C). When results from all donors were combined, both IFNα2- and IFNβ-selected 

isolates were as resistant to IFNα2 as were untreated recipient isolates (Fig. 2.3B). In contrast, 

IFNα2-selected isolates were 7-fold less resistant to IFNβ than IFNβ-selected isolates, and these 

in turn were 2-fold less resistant than untreated recipient isolates (Fig. 2.3D). Similar results were 

obtained for Vres, which showed that IFNα2 selection did not generally yield IFNβ resistant 

isolates, and that IFNβ selected isolates were less resistant to IFNβ than untreated recipient 

isolates (SI Appendix, Fig. S2.6). Interestingly, IFN selection did not increase the IC50 or Vres 

values of recipient isolates, suggesting that transmitted viruses are already maximally resistant to 

both of these IFN subtypes (Fig. 2.3B and D; SI Appendix, Fig. S2.6B and D).  

 Having generated IFNα2 or IFNβ preselected isolates, we next examined their biological 

properties. For donor CH492, IFNα2 and IFNβ pretreatment resulted in isolates that packaged 

2.0- and 3.3-fold more Env than untreated isolates, respectively (Fig. 2.3E). However, no 

significant differences in Env content were detected between treated and untreated isolates when 

data from all subjects were combined (Fig. 2.3F). However, pretreatment with IFNα2 and IFNβ 

resulted in donor isolates that exhibited increased infectivity. This was observed for donor CH492 

(Fig. 2.3G) as well as all donor isolates combined (Fig. 3H). IFNα2 and IFNβ pretreatment yielded 

plasma isolates that were on average 2- and 2.2-fold more infectious, respectively, than isolates 

obtained without selection, although neither pretreated group was as infectious as the recipient 

isolates. Interestingly, IFN pretreatment had no effect on the infectivity of recipient isolates (Fig. 

2.3H).   

 Reasoning that IFN pretreatment may favor the outgrowth of viruses that replicated to 

higher titers, we compared the replicative capacity of IFN-selected and unselected donor and 

recipient isolates. Indeed, pretreatment of CD4+ target cells with IFNβ resulted in donor isolates 

that replicated more efficiently than untreated viruses, both for CH492 (1.3-fold; Fig. 2.3I) and all 

donor isolates combined (1.3-fold; Fig. 2.3J). However, this was not observed when CD4+ T cells 
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were pretreated with IFNα2. Surprisingly, IFNα2-selected isolates replicated significantly less 

well, both for donor CH492 (1.7-fold; Fig. 2.3I) and all donor isolates combined (2.1-fold; Fig. 

2.3J). For each of the seven donors, IFNα2 treatment selected isolates whose replicative capacity 

was much reduced compared to untreated isolates despite higher infectivity and in some cases 

greater amounts of packaged Env (e.g., CH492). These data indicate that IFNα2 and IFNβ 

selection can have opposing effects on some viral properties, and that in contrast to previous 

suggestions (27), IFN resistance is not simply a consequence of a higher replicative fitness. As 

expected, IFNα2 and IFNβ selection did not increase the growth potential of recipient isolates 

(Fig. 2.3J). Taken together, these results indicate that both IFNα2 and IFNβ resistant viruses are 

present, albeit at low levels, in the plasma of chronically infected individuals, and that in vitro 

treatment of CD4+ T cells with IFNβ, but not IFNα2, selects isolates that approach the phenotype 

of transmitted viruses (Figs. 2.3 and SI Appendix, Fig. S2.6). 

 

Transmitted viruses are more efficiently released from infected cells. We previously 

reported that CD4+ T cells infected with TF viruses released larger quantities of cell-free virions 

than cultures infected with CC viruses (54). However, since only two TF and two CC IMCs were 

studied, we examined this property in a much larger number (n = 127) of matched donor and 

recipient isolates. To quantify particle release from infected CD4+ T cells, we measured the 

amounts of cell-free and cell-associated p24 antigen seven days post-infection, and used these 

values to calculate the percentage of p24 that was released into the supernatant. Consistent with 

our previous observations (54), we found that donor isolates produced on average much less cell-

free virus than recipient isolates (Fig. 2.4), although the total amount of p24 in these cultures was 

comparable. Plasma and genital secretion isolates from chronically infected donors released on 

average 31% and 38% of their total p24, respectively, while recipient isolates released 65%. In 

addition, IFN selected isolates released more p24 than unselected donor isolates, although this 

effect was less pronounced for IFNα2 (42%) than for IFNβ (64%). Combining results from all 
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isolates, the odds of p24 antigen being released from CD4+ T cell cultures infected with IFNα2- 

and IFNβ-selected donor isolates were 1.6-fold and 3.8-fold higher, respectively, than from 

cultures infected with untreated donor isolates, and the odds of release were even higher (4.2-

fold) for untreated recipient isolates (Fig. 2.4B). In contrast, no differences were observed for 

donor genital secretion isolates as well as for IFN-treated and untreated recipient isolates (Fig. 

2.4B). Thus, mucosal transmission selects for viruses with a significantly enhanced particle 

release capacity, suggesting that the production of cell-free virions is important in the 

transmission process. 
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Section 2.5 – Discussion 

 

An effective AIDS vaccine will need to prevent acquisition of HIV-1 at mucosal surfaces (5).  In 

this context, it is critical to know whether transmitted viruses possess unique biological properties 

that predispose them to establish new infections more efficiently. This is a controversial topic, 

since some studies have reported TF-specific traits (22, 24, 26, 52, 55-57), while others have 

failed to confirm these results (27, 28, 53, 58, 59). Some of these discrepancies are likely due to 

the fact that most previous analyses did not compare HIV-1 strains from transmission pairs. Using 

a more rigorous approach, two recent studies characterized viruses from matched donors and 

recipients, but failed to identify viral properties that were indicative of enhanced transmission 

fitness (27, 28).  These findings led to the prevailing view that HIV-1 transmission is a stochastic 

process in which any reasonably fit virus has the potential of crossing the mucosa.  

 Both transmission pair studies characterized only very few donor and recipient viruses, 

using either infectious molecular clones (27) or PBMC-derived bulk cultures (28). Reasoning that 

this approach had likely led to erroneous conclusions, we used limiting dilution isolation to 

generate a much larger number of donor and recipient viruses for phenotypic comparisons. We 

also used plasma rather than PBMCs for virus isolation to preclude the characterization of 

archived HIV-1 strains, generated genital secretion isolates for a subset of donors, and examined 

viral properties, such as virion release and resistance to IFNβ, which have not previously been 

characterized.  Finally, we rendered the CD4+ T cells used for virus isolation more resistant to 

infection by treating them with high doses of type 1 IFNs to simulate host innate defenses that 

may be operative during the earliest stages of infection. We found that both recipient and in vitro 

IFN-selected donor isolates were more infectious, replicated to higher titers, were released from 

infected cells more efficiently, and were much more resistant to both IFNα2 and IFNβ than the 
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great majority of unselected donor isolates (Figs. 2.1-4). Thus, it seems clear that these viral 

properties collectively contribute to transmission fitness.  

 To visualize the biological properties examined for all virus isolates (particle Env content, 

infectivity, replicative capacity, IFN IC50 and Vres values) in combination, we conducted a 

principal component analysis (Fig. 2.5A and B). This approach revealed two major groups, one 

that contained all plasma and genital secretion isolates from chronically infected donors, and 

another that included all plasma isolates from acutely infected recipients (Fig. 2.5A). The fact that 

there was no overlap between these groups indicates that transmitted viruses are phenotypically 

distinct. This conclusion was confirmed when IFN-treated isolates were plotted on the same 

principal components (Fig. 2.5B). While most IFNα2 selected donor isolates grouped within the 

untreated donor cluster, most IFNβ selected donor isolates overlapped the cluster of recipient 

viruses (Fig. 2.5B).  

 To quantify these relationships, we calculated the distance between each virus and its 

pair-matched recipient average of the first two principal components (Fig. 2.5C). As expected, 

untreated and IFN treated recipient isolates were the closest to the recipient average, exhibiting 

only minimal variation. In contrast, untreated donor plasma and genital secretion isolates as well 

as IFNα2-selected donor isolates were most distant from the average position of their respective 

recipient isolates and exhibited a wide distribution of distances. Interestingly, IFNβ-selected donor 

isolates were much closer to their recipient isolate average, consistent with IFNβ selection 

yielding a transmitted virus-like phenotype. We also examined the accuracy with which an isolate 

could be predicted to be derived from either a donor or a recipient on the basis of the seven 

biological properties examined (Fig. 2.5D). This analysis showed that IFN IC50 and Vres values 

predicted donor and recipient isolates with near 100% accuracy, indicating that resistance to type 

1 IFNs is the most distinguishing characteristic of transmitted viruses. 
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 If IFN resistance represents such a discerning feature, why did previous transmission pair 

studies miss this property? As shown in Fig. 2.2, chronic viruses exhibit a wide range of IFN IC50 

values, indicating that random selection of just two such viruses per transmitting donor as 

reported by Deymier et al (27) may not reveal donor/recipient differences. Moreover, measuring 

viral inhibition in response to a single IFN dose (26-28, 53) is likely less accurate than a formal 

IC50 determination. It should also be noted that the resistance of HIV-1 to IFNs is not constant 

during the course of infection. IFN resistance declines rapidly within the first six months (52, 57), 

but then increases again when subjects progress toward AIDS (52, 60, 61). Thus, depending 

when during the course of infection a virus is transmitted to another person, donor viruses may be 

more or less IFN resistant. For example, viruses from donors who transmit during acute HIV-1 

infection or immediately following treatment interruption as described by Oberle et al (28) would 

be expected to exhibit much higher levels of IFN resistance than viruses from subjects who 

transmit during asymptomatic chronic infection. In addition, PBMC cultures may reactivate latent 

viruses, which would be expected to exhibit IFN resistance levels consistent with their entry into 

the latent pool.  

 None of the previous transmission pair studies analyzed viral resistance to IFNβ, which 

produced the most pronounced donor/recipient differences. Indeed, the 39-fold higher IFNβ IC50 

values of recipient isolates (Fig. 2.2F) is likely a gross underestimate, since many donor viruses 

were already more than 50% inhibited at the lowest IFNβ dose (Fig. 2.2B). This explains why the 

donor/recipient differences for IFNβ Vres values are so much higher than the corresponding IC50 

values, and why this is not observed for IFNα2 (Figs. 2.2F and SI Appendix, Fig. S2.5D). While 

both IC50 and Vres values provide an indicator of IFN resistance, they seem to describe only 

partially overlapping biological effects. For example, the strong correlation of both IFNα2 and 

IFNβ IC50 and Vres values for donor plasma isolates likely indicates restriction by an IFN dose-

driven increase in interferon stimulated gene (ISG) activity. In contrast, the lack of a similarly 

strong correlation for donor genital secretion isolates suggests that some of these viruses are 
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restricted by ISGs whose inhibitory activity is not IFN dose dependent. In addition, Vres may be a 

more relevant indicator of IFN resistance during the acute phase of infection when IFN levels are 

particularly high in the mucosa, while IC50 may be a more appropriate measure of systemic 

immune activation during later stages of infection. Future studies will need to determine the full 

range of IFNα2 and IFNβ IC50 and Vres values in HIV-1 infected subjects over time. 

 Not all viral properties studied contributed, or contributed equally, to HIV-1 transmission 

fitness. For example, virion associated Env content, although previously identified as a 

characteristic feature of TF viruses (26), did not differentiate donor and recipient isolates (Figs. 

2.1C and 2.5D). Nonetheless, in half of the transmission pairs studied, recipient isolates 

packaged significantly more Env than the respective donor viruses (Fig. 2.1B), suggesting that 

increased Env content may increase transmission fitness under certain circumstances. Similarly, 

particle infectivity and replicative capacity were significantly increased in most, but not all, 

recipient isolates. The successful transmission of viruses lacking these properties suggests that 

they are not absolutely required and/or that their absence can be compensated by other factors. 

In contrast, enhanced resistance to type I IFNs was observed for every single recipient isolate, 

indicating that the ability to counteract these innate immune responses is essential for successful 

mucosal transmission.  

The need to overcome innate defenses is also exemplified by the fact that recipient and 

IFNβ-selected donor isolates produced much higher levels of cell-free virus than the 

corresponding untreated donor isolates (Fig. 2.4). Type 1 IFNs induce tetherin, which prevents 

the release of virus particles from the plasma membrane of infected cells. HIV-1 counteracts 

tetherin using its Vpu protein, which binds tetherin and prevents its expression on the cell surface 

(62-64). However, TF Vpu proteins do not seem to counteract tetherin more effectively than the 

Vpu protein of chronic viruses (65). Moreover, TF infected CD4 T cells were shown to produce 

more cell free virions even in the absence of Vpu (54). Although we have not mapped the 

genomic region(s) responsible for the significantly enhanced virion release capacity of recipient 
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isolates, it is unlikely that Vpu alone is responsible. In fact, several isolates that differed 

significantly in their particle release function encoded identical vpu genes (SI Appendix, Fig. 

S2.7). Thus, it seems clear that other as-yet-unknown factors must be responsible for the 

increased particle release function of recipient (and IFNβ-selected donor) isolates, which may be 

critical to enhance virus spread in the mucosa during the first rounds of replication when 

extracellular IFN levels are particularly high. 

 In summary, we have identified resistance to type 1 IFNs, in particular IFNβ, as a key 

determinant of HIV-1 transmission fitness. This observation is consistent with previous studies 

showing that innate responses in the mucosa immediately following infection are inducing a 

potent antiviral state through the upregulation of ISGs, many of which have anti-HIV-1 activity (63, 

64, 66-73). All IFN subtypes signal through the same heterodimeric receptor (30), but differences 

in receptor binding and/or downstream signal transduction pathways are thought to be 

responsible for IFN subtype-specific biological effects (74-77). IFNβ has been reported to bind the 

IFN receptor (IFNAR) with the highest affinity (76) and ligates the IFNAR1 chain in an IFNAR2-

independent manner, resulting in the expression of a distinct set of genes (78). Either of these 

properties could explain its greater potency in placing selection on the transmitted virus pool. 

Nonetheless, IFNβ selection did not fully recapitulate the biological properties of recipient isolates 

despite the extremely high dose that was used to treat the target cells (Figs. 2.3D, 5B, 5C and SI 

Appendix, Fig. S2.6D). These results indicate that additional factors, possibly including IFNα2 

and/or other IFN subtypes, shape the transmitted founder phenotype. Since there are a total of 13 

IFNα subtypes as well as other type 1 IFNs such as IFNω, some of which inhibit HIV-1 even more 

potently in vitro and in animal models (79-81), it will be critical to evaluate to what extent they 

contribute alone, or in combination, to the HIV-1 transmission bottleneck.  
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Section 2.8 – Chapter Figures  
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Fig. 2.1. Genetic and biological characterization of matched donor and recipient limiting 

dilution-derived isolates. (A) The phylogenetic relationships of donor (green) and recipient 

(brown) isolate sequences to donor (blue) and recipient (red) SGA-derived plasma viral 

sequences are shown for the CH596-CH455 transmission pair (maximum likelihood trees for all 

other transmission pairs are shown in SI Appendix, Fig. S2.3). Asterisks denote nodes with 100% 

bootstrap support (the scale bar indicates 0.01 substitutions per site). (B, D, F) Viral Env content 

(mass ratio of gp120 and RT), particle infectivity (relative light units [RLU] in TZM-bl cells per 

picogram of RT), and replicative capacity (p24 antigen levels in CD4+ T cell culture supernatants 

seven days post-infection) of plasma isolates from matched donor (D) and recipient (R) pairs 

(color-coded) are shown, with HIV-1 subtype classification indicated below. Data are grouped for 

each transmission pair, with genital secretion isolates (GS) shown as hashed boxes. Donor D-

CH472 transmitted to two recipients R-CH378 and R-CH831. Boxes show the interquartile range, 

a black bar within each box indicates the geometric mean, and whiskers span the range of the 

data, respectively. Asterisks indicate significant differences (determined by unpaired t-test) 

between groups (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). (C, E, G) A hierarchical 

Bayesian regression model was used to estimate the population-wide fold change of Env content 

(C), particle infectivity (E), and replicative capacity (G) across all transmission pairs between 

donor and recipient plasma isolates (red), donor plasma and genital (Gen.) secretion isolates 

(blue), and clade B and C recipient isolates (green). A dashed line indicates a fold change of 1, 

indicating no effect. The estimated posterior probability distribution for each parameter is shown 

along with a table summarizing the expected fold change and the probability that the effect is less 

than 1 (analogous to a one-sided p-value). 
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Fig. 2.2. IFN resistance of matched donor and recipient isolates. (A, B) Dose response 

curves for IFNα2 (A) and IFNβ (B) are shown for plasma (green) and genital secretion (magenta) 

isolates of one chronically infected donor as well as plasma isolates of the corresponding acutely 

infected recipient (red) of a representative transmission pair (CH492-CH427). A black line 

indicates the half-maximal inhibitory concentration (IC50), and a double arrow the residual viral 

replication (Vres) capacity at the highest IFN dose. (C, E) IFNα2 (C) and IFNβ (E) concentrations 

(picograms per ml), which resulted in 50% viral inhibition, are shown for plasma isolates from 

matched donor (D) and recipient (R) pairs (color-coded as in Fig. 2.1), with HIV-1 subtype 

classification indicated below. Data are grouped for each transmission pair, with genital secretion 

isolates (GS) shown as hashed boxes. Donor D-CH472 transmitted to two recipients R-CH378 

and R-CH831. Boxes show the interquartile range, a black bar within each box indicates the 

geometric mean, and whiskers span the range of the data, respectively. Asterisks indicate 

significant differences (determined by unpaired t-test) between groups (* p < 0.05; ** p < 0.01; *** 

p < 0.001; **** p < 0.0001). IFN IC50 values were determined in pooled CD4+ T-cells from multiple 

donors. (D, F) A hierarchical Bayesian regression model was used to estimate the population-

wide fold change of IFNα2 (D) and IFNβ (F) IC50 values across all transmission pairs between 

donor and recipient plasma isolates (red), donor plasma and genital (Gen.) secretion isolates 

(blue), and clade B and C recipient isolates (green). A dashed vertical line marks a fold change of 

1 indicating no effect. The estimated posterior probability distribution for each parameter is shown 

along with a table summarizing the expected fold change and the probability that the effect is less 

than 1 (analogous to a one-sided p-value). 
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Fig. 2.3. Biological characterization of IFNα2- and IFNβ-selected donor and recipient  

isolates. (A, C, E, G, I) IFNα2 IC50 (picogram per ml) (A), IFNβ IC50 (picogram per ml) (C), viral 

Env content (mass ratio of gp120 and RT) (E), particle infectivity (RLU per picogram of RT) (G), 

and replicative capacity in CD4+ T cells (ng of p24 antigen per ml) (I) values are shown for 

limiting dilution derived viral isolates from one representative matched donor (D-CH492) and 

recipient (R-CH427) pair. In each panel, untreated (dark green), IFNα2-selected (light green), and 

IFNβ−selected (yellow) isolates from the donor (D-492) are compared to untreated (red), IFNα2-

selected (dark pink) and IFNβ-selected (light pink) isolates from the corresponding recipient R-

CH427. Boxes show the interquartile range, a black bar within each box indicates the geometric 

mean and whiskers span the range of the data, respectively. Asterisks indicate significant 

differences (determined by unpaired t-test) between groups (* p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001). Since IFN selection did not alter the phenotype of recipient isolates, only 

statistical comparisons of donor isolates to untreated recipient isolates are shown. (B, D, F, H, J) 

A hierarchical Bayesian regression model was used to estimate the population-wide fold change 

of IFNα2 IC50 (B), IFNβ IC50 (D), Env content (F), particle infectivity (H), and replicative capacity in 

CD4+ T cells (J) across all transmission pairs between untreated and IFNα2-selected donor 

isolates (blue), untreated and IFNβ-selected donor isolates (green), untreated and IFNα2-

selected recipient isolates (grey), and untreated and IFNβ-selected recipient isolates (yellow). 

The fold change between untreated donor and recipient plasma isolates (red), as in Figs. 2.1 and 

2.2, is also shown for comparison. A dashed vertical line marks a fold change of 1 indicating no 

effect. The estimated posterior probability distribution for each parameter is shown along with a 

table summarizing the expected fold change and the probability that the effect is less than 1 (or 

where indicated by an asterisk (*) the probability that the effect is greater than 1). 
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Fig. 2.4. Particle release capacity of matched donor and recipient isolates.  (A) Donor and 

recipient isolates were tested for their ability to be released from infected CD4+ T cells. The 

percent of viral release was determined as the ratio of cell-free p24 divided by the total amount 

(cell-associated plus cell-free) of p24 seven days post-infection. Only a subset of isolates (n = 

132) was tested. Values are color coded by transmission pair. (B) A hierarchical Bayesian 

regression model was used to estimate the population-wide fold change in the odds of release 

(the probability of release divided by the probability of retention) of p24 between untreated and 

IFNα2-selected donor plasma isolates (blue), untreated and IFNβ-selected donor plasma isolates 

(green), untreated donor plasma and genital secretion isolates (purple), untreated donor and 

recipient plasma isolates (red), untreated and IFNα2 selected recipient isolates (grey), and 

untreated and IFNβ-selected recipient isolates (yellow). A dashed vertical line marks a fold 

change of 1 indicating no effect. The estimated posterior probability distribution for each 

parameter is shown along with a table summarizing the expected fold change and the probability 

that the effect is less than 1 (analogous to a one-sided p-value). 
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Fig. 2.5. Phenotypic properties distinguishing donor and recipient isolates. (A) A principal 

component analysis was used to visualize properties that were determined for all viral isolates 

(Env content, particle infectivity, replicative capacity, IFNα2 IC50, IFNβ IC50, IFNα2 Vres and IFNβ 

Vres) in combination. The positions of untreated donor plasma (green), donor genital secretion 

(purple) and recipient plasma (red) isolates are shown on the first two components. Length and 

direction of arrows show how each variable contributes to the two axes. The minimum spanning 

ellipses that contain all data points for each group are shown in corresponding colors. (B) To 

visualize the effect of IFN-selection, IFNα2-selected (green) and IFNβ-selected (yellow) donor 
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isolates are plotted together with IFNα2-selected (dark pink) and IFNβ-selected (light pink) 

recipient isolates on the same principal components as in A. Minimum spanning ellipses 

encompassing the untreated donor plasma isolates (green), donor genital secretion isolates 

(purple) and untreated recipient plasma isolates (red) as shown in A were retained. (C) To 

quantify the groupings apparent in A and B, we calculated the distance of the first two principal 

components for each isolate to the average position of the corresponding untreated recipient 

isolates for that transmission pair. Isolates are color-coded by transmission pairs and grouped as 

in A and B. (D) The accuracy with which the seven viral properties predicted whether an isolate 

came from a donor or recipient was measured using receiver operating characteristic curves. 

Each line indicates the trade-off between true and false positive rate as a threshold is moved 

through the range of the data. Shading indicates the 95% confidence interval of the true positive 

rate. The dashed line indicates the expected performance of a predictor with no relationship to 

donor-recipient status. A line that reaches a true positive rate of 100% with a 0% false positive 

rate indicates that there is perfect separation between donor and recipient isolates. 
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Section 2. 9 – Supplemental Information and Materials Methods  

 

Study subjects. Plasma samples were obtained for seven chronically HIV-1 infected transmitting 

donors and eight matched acutely infected recipients enrolled in the CHAVI-001 acute and 

established HIV-1 infection cohorts (1). A summary of available epidemiological, clinical and 

infection status data is shown in Table S1.  In all but one case, acutely infected individuals were 

identified first and staged using the Fiebig classification (2), while the transmitting partners were 

identified retrospectively. Epidemiological linkage was confirmed through viral sequence analysis, 

which also indicated considerable quasispecies diversity in all transmitting donors except 

CH1064, who may have transmitted during earlier stages of infection (Fig. S2.1). Transmission 

pairs were selected based on the following criteria: (i) high transmitting donor plasma viral loads 

(generally >100,000 vRNA copies/ml) to increase the likelihood of obtaining virus isolates, (ii) 

availability of donor genital secretions within a year following transmission, (iii) single transmitted 

founder infections of the recipients to ensure a stringent mucosal bottleneck (one recipient was 

subsequently found to harbor two transmitted founder viruses), and (iv) absence of antiretroviral 

treatment. Whole blood was collected in acid citrate dextrose, and plasma was separated and 

stored at −80°C. In addition, cell-free fractions of genital secretions (GS) were obtained from five 

of the seven donors. Ectocervicovaginal lavage (CVL) was performed on non-menstruating 

women using 10 ml of phosphate buffered saline (PBS). Semen ejaculate was collected in 2.5ml 

of transport medium (RPMI 1640, 1,000 U/ml penicillin, 1 mg/ml streptomycin, 200U/ml nystatin).  

Genital secretion samples were centrifuged for 10 min at 800g to pellet cells; supernatants were 

harvested, aliquoted and stored at -80˚C. Written informed consent was obtained from each 

subject and the study was approved by the Institutional Review Boards of the University of 

Pennsylvania and Duke University. 
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Human CD4+ T-cell isolation and activation. CD4+ T-cells were positively selected from buffy 

coats of normal subjects (Research Blood Component, Boston, MA or ZenBio Inc., Research 

Triangle Park, NC) using Human CD4 Microbeads (Miltenyi Biotec Inc., San Diego, CA), viably 

frozen in CryoStor® CS5 medium (Sigma-Aldrich, St Louis, MO), and stored in liquid nitrogen.  

Cell aliquots were thawed quickly in a 37°C water bath, resuspended at a density of 2×106 

cells/ml, and allowed to recover overnight in RPMI 1640 medium containing 15% (vol/vol) fetal 

bovine serum (FBS) and 30 IU/mL interleukin-2 (IL-2) (CD4+ T-cell medium) in a 37°C incubator 

with 5% (vol/vol) CO2. Cells were stimulated using the Human T Cell Activation/Expansion Kit 

(Miltenyi Biotec Inc., San Diego, CA) and expanded for 4-5 days in CD4+ T-cell medium following 

the manufacturer’s protocol.  

 

Interferons and cytokines. IFNα2 was purchased from PBL Assay Science (Piscataway, NJ). 

IFNβ was purchased from PBL Assay Science and EMD Serono USA (Rebif®, EMD Serono Inc., 

Rockland, MD).  Interleukin-2 was purchased from the Hospital of the University of Pennsylvania 

pharmacy (Aldesleukin). 

 

Virus quantification. Viral stocks were characterized by determining their reverse transcriptase 

(RT) activity using the colorimetric Reverse Transcriptase Assay (Sigma-Aldrich, St Louis, MO), 

and their p24 antigen content was determined using the HIV p24 (high sensitivity) AlphaLISA 

Detection Kit (Perkin Elmer Inc., Boston, MA). 
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Generation of limiting dilution-derived HIV-1 isolates. To generate limiting dilution-derived 

viral isolates, plasma samples were end-point diluted and used to infect activated normal donor 

CD4+ T-cells in 24 well plates such that no more than 30% of wells became p24 antigen positive. 

Assuming that approximately one virus per 1,000 particles is infectious, we started with ~500 

vRNA copies/well. Plasma aliquots containing ~12,500 vRNA copies were diluted in 1ml of CD4+ 

T-cell medium containing 50µl of HIV Infectivity Enhancement Reagent (Miltenyi Biotec Inc., San 

Diego, CA). To allow the formation of HIV-1 enhancement complexes, tubes were placed on a 

MACSmix Tubes Rotator (Miltenyi Biotec Inc., San Diego, CA) and incubated at 4˚C under 

constant rotation at 4 rpm for 30 min. Activated CD4+ T-cells were seeded (1x106 per well) in a 

24-well plate in 500µl of fresh CD4+ T-cell medium; 40µl of the complex-containing solution were 

added to each well (500 vRNA copies/well), incubated for 12-16 hours in a 37°C incubator with 

5% (vol/vol) CO2, and then supplemented with an additional 1ml of T-cell medium. At days 5, 10 

and 15, activated CD4+ T-cells (1x106 in 500µl of T-cell medium) were added to each well to 

provide new target cells for virus replication. At day 20, p24 positive wells were identified using 

the HIV p24 (high sensitivity) AlphaLISA detection kit (Perkin Elmer Inc., Boston, MA). For some 

plasma samples the number of vRNA copies per well had to be adjusted to reach limiting-dilution 

conditions. These values ranged between 3 vRNA copies/well (CH831) to 2,000 vRNA 

copies/well (CH040), indicating a wide range of per particle infectivity, including in acute infection 

plasmas.  

Low viral loads in plasma samples from subjects CH162, CH728 and CH302 (Table S1) 

required larger volumes of plasma to reach the target dose of 500 vRNA copies per well.  These 

larger volumes decreased cell viability during the first incubation step of the isolation procedure. 

We thus purified the same amount of virus particles from these samples prior to infection using 

the µMACS VitalVirus HIV Isolation Kit (Miltenyi Biotec Inc., San Diego, CA).  Virus-microbead 

complexes were eluted from µ-Columns in 1ml of T-cell medium and 40µl were added to each 

well (500 vRNA copies/well) of activated target T-cells as described above. 
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To generate IFN resistant virus isolates, activated CD4+ T-cells were pre-treated with 4.0 

pg/ml of IFNα2 or 44 ng/ml of IFNβ for 24 hours prior to isolation with no further addition of IFN.  

The rationale was to maximally upregulate antiviral ISGs in these target cells, but to then isolate 

virus in the absence of interferon. For IFNβ, we were able to use a selection dose that was six 

orders of magnitude higher than the average IFNβ IC50 value of all isolates. However, this was 

not possible for IFNα2 since doses higher than 5.5 pg/ml caused toxicity in the culture. Thus, 

IFNα2 pretreatment was kept at 4.0 pg/ml. Following treatment, cells were washed once in T-cell 

medium before being plated in 24-well plates as described above.  

For virus isolation from CVL and semen samples, aliquots were thawed at room 

temperature, fetal bovine serum was added to a final concentration of 2%, and virus isolation was 

performed as described above. Since virus load information was not available, 1ml aliquots were 

used per well for one 24-well isolation plate. To inhibit the growth of bacteria, yeast and fungi, T-

cell medium was supplemented with penicillin (100 units/ml), streptomycin (100 µg/ml), and 

Amphotericin B (0.25 µg/ml) (Gibco® Antibiotic-Antimycotic, ThermoFisher Scientific, Waltham, 

MA). While isolation attempts from all plasma samples were successful, the efficiency of isolation 

from genital secretion samples was variable: only 1 of 4 CVL samples from donor CH492, 1 of 2 

CVL samples from donor CH596, and 4 of 5 semen samples from donor CH742 yielded isolates 

(Table S1).  In contrast, none of 4 CVL and semen samples from donors CH1064 and CH728, 

respectively, yielded isolates (Table S1).  

 

Virus stock preparation and genotyping. Cells and supernatants from p24 positive wells were 

transferred to T25 flasks containing 10x106 activated T-cells in 10ml of fresh T-cell medium.  After 

5 days of culture, an additional 10x106 activated T-cells in 10ml of fresh T-cell medium were 

added to each flask. At day 10 post-infection, virus-containing supernatant was passed through a 

0.45µm nylon membrane syringe filter (Corning, NY) and stored in aliquots at -80˚C.  
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To sequence each expanded virus isolate prior to its biological characterization, viral 

RNA was extracted from 100µl of culture supernatant, reverse-transcribed using SuperScript III 

Reverse Transcriptase (ThermoFisher Scientific, Waltham, MA) and previously published primers 

(3, 4), and the resulting cDNA was used to amplify overlapping 5’ and 3’ genome halves in 

separate triplicate PCR reactions as described (3-5). Ten nanograms (1µl of a 1/25 dilution of the 

PCR reaction) of each of the 5’ and 3’ amplicons were then pooled and sequenced using an 

Illumina NGS platform.  DNA libraries were prepared using the Nextera DNA Library Preparation 

Kit (Illumina Inc, San Diego, CA), as previously described (6, 7) with minor modifications.  Briefly, 

amplicons were fragmented using Nextera tagmentation buffers TD and TDE1 in a final volume of 

2.5µl. The tagmentation reaction was subjected to two rounds of PCR amplification using the 

KAPA Library Amplification Kit (Kapa Biosystems Inc., Wilmington, MA). The first round of PCR 

incorporated Index 1 (N7xx) and Index 2 (S5xx) adapters (final volume 7.5µl; 98°C for 3 min 

followed by 8 cycles, 98°C for 15 sec, 62°C for 30 sec, 72°C for 1.5 min); the second round of 

PCR (final volume 17µl; 95°C for 5 min followed by 7 cycles, 98°C for 20 sec, 62°C for 20 sec, 

72°C for 30 sec) was performed with the Nextera adapter primers P1 (5’-

AATGATACGGCGACCACCGA-3’) and P2 (5’-CAAGCAGAAGACGGCATACGA-3’) to enrich the 

library for tagmented fragments containing the Index 1-Index 2 adapter combination at their ends.  

DNA libraries were prepared in 96-well plates.  Agencourt AMPure XP beads (Beckman Coulter 

Inc., Indianapolis, IN) were used to purify PCR amplicons and to size select ~300bp fragments; 

eight PCR reactions from each column were combined into a single tube and incubated with 

136µl of AMPure XP beads for 5 min at room temperature. Beads were washed thrice with 70% 

ethanol, air-dried for 5 min, and the bound DNA was eluted in 100µl of 10mM Tris-HCl (pH 8.0).  

Eluted DNA from all 96 wells were pooled and quantified using Qubit (ThermoFisher Scientific, 

Waltham, MA) and the Agilent DNA 1000 Kit on a 2200 TapeStation instrument (Agilent 

Technologies, Santa Clara, CA) to determine the molar concentration of the ~300bp fragments. 

The pooled library was then diluted to a concentration of 4nM in 10mM Tris-HCl (pH 8.0) and 

stored at -20˚C until sequencing.  Sequencing was performed using Illumina MiSeq or MiniSeq 
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instruments (Illumina Inc, San Diego, CA).  Libraries containing 96 samples were run using 

Illumina MiSeq Nano Kit v2 300.  Libraries containing 192 samples were run using Illumina MiSeq 

Micro Kit v2 300 or Illumina MiniSeq Mid Output Kit 300 (Illumina Inc., San Diego, CA).  

All reads were trimmed of adapter sequences, and paired-end reads were combined into 

a single file, binned for each sample based on index sequences, and assembled to a subtype-

matched HIV-1 reference genome using the Cutadapt and SPAdes genome assembler utilities (8, 

9).  Contigs that aligned to the HIV-1 reference sequence were then used to generate a new 

sample-specific consensus sequence using reads from triplicate amplifications. Reads were then 

re-aligned to this sample-matched reference to generate a final full-length isolate consensus 

sequence using Geneious 9.0  (10). Each nucleotide position of this consensus sequence was 

inspected for the presence of mixed bases, and isolates that exhibited more than 15% diversity at 

any one position in the alignment were considered to contain more than one variant and removed 

from further analysis.  

 

Particle Env content.  250µl aliquots of viral stocks were depleted of microvesicles using 

magnetic beads coated with anti-CD45 antibody (ThermoFisher Scientific, Waltham, MA). Virions 

were then isolated from the microvesicle-depleted supernatants using the VitalVirus HIV Isolation 

kit (Miltenyi Biotec Inc., San Diego, CA) and lysed to release viral proteins. The amount of 

particle-associated reverse transcriptase activity was determined using a colorimetric Reverse 

Transcriptase Assay (Sigma-Aldrich, St Louis, MO). Particle-associated Env content was 

determined using an in-house quantitative ELISA. 96-well plates were coated with 200ng of 

eCD4-Ig (11) in 100µl of 0.2M sodium carbonate/bicarbonate buffer overnight at 4°C. Wells were 

washed twice with 200µl of PBS containing 0.2% Tween 20 (PBS-T), blocked at room 

temperature for two hours with 200µl of 5% milk in PBS-T, and washed three times with PBS-T. 

100µl of virus lysate was added per well and incubated at 37°C for two hours. After washing wells 
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five times with PBS-T, 100µl of polyclonal human anti-gp120 conjugated to horseradish 

peroxidase (ABL Inc., Rockville, MD) was added for one hour at 37°C. Wells were again washed 

five times with PBS-T, incubated with 100µl o-phenylenediamine dihydrochloride substrate 

(ThermoFisher Scientific, Waltham, MA) at room temperature for 30 minutes, and then 

absorbance was read at 450nm. Env content was calculated using a standard curve of 

recombinant gp120 (10ng to 125pg in 2-fold dilutions), which was then normalized by reverse 

transcriptase activity. Stocks previously characterized by a similar protocol (12), as well as viral 

stocks independently quantified for Env content (13), were used to validate the Env ELISA (r = 

0.82, P < 0.0001). 

 

Analysis of per-particle infectivity. Individual wells of a 96-well plate were seeded with 8.3 x 

103 TZM-bl cells in 100µl of 10% FBS-containing DMEM medium to achieve ~30% confluence. 24 

hours later, cells were infected with 100µl of virus, diluted serially in 10% DMEM with 80µg/ml 

DEAE dextran. 12-15 hours post-infection, the T-1249 fusion inhibitor was added (0.01 mg/ml) to 

prevent multiple rounds of infection. Infections were terminated at 48 hours and cells were lysed 

in 75µl lysis buffer (Promega Life Sciences, Madison, WI). Relative light units (RLU) generated 

per volume of each viral stock were calculated by averaging all virus dilutions in the linear range 

of the assay (1.5x103 - 7x104 RLUs). The infectivity per particle was then calculated as the RLU 

generated per pg of RT activity present in each virus stock. 

 

Replicative capacity and type I IFN resistance. Activated normal donor CD4+ T cells were left 

untreated or cultured in the presence increasing amounts of IFNα2 (0.00074 pg/ml - 5.5 pg/ml) or 

IFNβ (0.000067 pg/ml - 0.44 pg/ml) for 24 hours. Cells were washed, and 1x106 cells were 

infected overnight with an equivalent amount of each virus (1ng RT activity). Supernatants were 

sampled every 48 hours, and cultures were maintained for 7 days while replenishing IFN-
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containing medium. Virus replication was measured for each IFN concentration as the amount of 

p24 produced at day 7 and plotted as the percentage of viral growth in the absence of IFN, which 

was set to 100%. This allowed us to determine the IFNα2 and IFNβ concentrations required to 

inhibit virus replication by 50% (IC50) as well as the residual virus replicative capacity (Vres) in the 

presence of maximal IFNα2 and IFNβ concentrations. The replicative capacity of each virus 

isolate was calculated using p24 antigen levels in untreated cells. Some viruses replicated to 

titers below the limit of detection in the presence of maximal IFNβ concentrations. For these 

viruses, the limit of detection (0.1 ng of p24/ml) was used as the numerator to calculate Vres. 

IFNα2 IC50 values were determined using pooled CD4+ T-cells from 4 donors, while IFNβ IC50 

values were determined using pooled CD4+ T-cells from 3 donors (Fig. 2.2A and B). All viruses 

were tested in duplicate. 

 

Quantification of virus release. CD4+ T-cells were infected as described above. To quantify 

cell-associated p24, cells and supernatant were harvested 7 days post-infection after 

centrifugation at 1,200 rpm for 5 min. Cells were lysed, and cell-free and cell-associated p24 

antigen levels were quantified using the HIV p24 (high sensitivity) AlphaLISA Detection Kit 

(Perkin Elmer Inc., Boston, MA). For each isolate, total p24 production was calculated by adding 

cell-free and cell-associated p24 levels. The percent of released p24 was determined by dividing 

the cell-free amount of p24 by the total amount of p24 as previously described (14, 15). 

 

Phylogenetic analyses. Nucleotide sequences were aligned using CLUSTALW v. 2 (16). 

Regions that could not be unambiguously aligned were removed. Maximum likelihood trees with 

bootstrap support (1,000 replicates) were constructed using PhyML v. 3.1 (17) with evolutionary 

models selected using jModelTest v. 2.1.4 (18, 19), or for larger datasets, RAxML using a 

GTRGAMMA model (20). Transmitted founder viral genomes were inferred as described 
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previously (5). Highlighter plots were generated using the Los Alamos National Laboratory HIV 

Sequence Database Highlighter Tool 

(https://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html). The degree of 

phylogenetic association of sequences was quantified by calculating their genealogical sorting 

index (gsi) (21). Maximum likelihood phylogenies were inferred using PhyML (17) and multiple 

bifurcations with intervening zero-length branches were collapsed to polytomies using the di2multi 

method implemented in the ape package (22) of R (23). These phylogram topologies were used 

to calculate the gsi values; p-values were determined using 10,000 replicate permutations (21). 

 

Statistical analyses. For intra-pair comparisons of viral properties, p-values were determined 

using Welch's unequal variances t-test. Analyses were performed in R (23), comparing log10-

transformed values for matched donor and recipient isolates for each transmission pair. Some 

isolates had undetectable p24 values after treatment with IFNβ. Since the unmeasurable range of 

p24 antigen (0 to 0.1 ng/ml) was negligible in comparison to the measurable range (0.1 to 150 

ng/ml), a value of 0.1 ng/ml was used as the numerator for calculating IFNβ Vres values. Principal 

component and receiver operating characteristic analysis (24) were performed using R v3.3.1 

(23). 

 

Bayesian hierarchical regression models of viral properties. Each viral property, was 

modeled using a Bayesian hierarchical model (25), which was based on a linear regression 

estimating the differences between donor plasma and genital secretion isolates, or donor plasma 

and recipient plasma isolates, along with the effects of HIV-1 subtype, and IFNα2 and IFNβ-

selection. Unlike a normal linear regression, this model accounts for (i) nested measurements 

within transmission pairs, (ii) multiple transmissions from a single donor, (iii) heteroscedasticity 

among virus populations, and (iv) censored data where exact measurements were not available 
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but known to be less than a given value. The hierarchical models are based on the assumption 

that observations of viral properties are independent and identically normally distributed with 

mean and variance drawn from common population-level distributions. Estimates of the 

population-level distributions can then be used to infer broader patterns in the data. 

 

 

Data were first transformed as follows: 

 
Variable Transformation 

Env/RT log 

Infectivity log 

Replicative capacity log 

IFNα2 IC50  log 

IFNβ IC50 log 

IFNα2 Vres  logit 

IFNβ Vres  logit 

p24 antigen release  logit 

The observation from each viral isolate 𝑖 was then modeled as a normal distribution  

𝑁(𝜇! ,𝜎!!) with mean 𝜇!: 
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and variance 𝜎!!: 

  

  

 

 

where pair !  indicates the pair identity of the 𝑖th observation, donor! is the estimated mean of 

untreated donor plasma viral isolates from pair 𝑗 and 1 () is an indicator function that is 1 if True 

and 0 if False. The various β values are coefficients modeling the change expected for viruses in 

recipients, in donor genital samples, in recipients infected with HIV-1 clade B, and the effects of 

IFNα2 and IFNβ-selection on donor or recipient viruses. For example, a donor plasma virus 𝑖 

from pair 2 would have mean 𝜇! =  donor! and an IFNα2-selected recipient virus from pair 3 

(which happened to be clade B) would have mean:  

 

 For two transmission pairs where one donor (CH742) transmitted viruses to two separate 

recipients (CH378 and CH831), recipient parameters were estimated independently for each 

recipient. 



	
	

105	

Vres measurements were calculated as the amount of p24 released in the presence of 

the highest IFN dose divided by the released p24 without IFN treatment as measured by 

AlphaLISA. The limit of detection for these measurements was 0.1, so concentrations ≤ 0.1 were 

measured as 0.1. To account for this, the probability of these observations was considered to be:  

 

 

 

The coefficients 𝛽 for each pair 𝑗 come from population-level normal hyperpriors: 

 

and coefficients 𝜎 from population-level normal hyperpriors: 

 

 The effect hyperparameters 𝜇!"#$%$"&' , 𝜇!"#$%&', 𝜇!"#$%, 𝜇!"#"$%&'(), 𝜇!"#"$%&'(, 𝜇!"#$%$"&'()%*+ 

and 𝜇!"#$%$"&'("') were all given a flat prior probability. The variance parameters 
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𝜎!"#"$,𝜎!"#$%$"&',𝜎!"#$%&',𝜎!"#$%,𝜎!"#"$%&'(),𝜎!"#"$%&'(, 𝜎!"#$%$"&'()%*+, 𝜎!"#$%$"&'("'), 𝜙!"#"$, 𝜙!"#"$%&'(), 

𝜙!"#"$%&'(, 𝜙!"#$%$"&', 𝜙!"#$%&', 𝜃!"#"$, 𝜃!"#"$%&'(), 𝜃!"#"$%&'(, 𝜃!"#$%$"&' and 𝜃!"#$%&' were given a prior 

of Gamma (1,2) reflecting prior knowledge that the standard deviation in these assays was 

unlikely to be greater than several logs. 

Plots and statistics are based on the estimated posterior probabilities of the population-

level effects 𝜇!"#$%$"&' , 𝜇!"#$%&', 𝜇!"#$%, 𝜇!"#"$%&'(), 𝜇!"#"$%&'(, 𝜇!"#$%$"&'()%*+ and 𝜇!"#$%$"&'("'). Markov 

Chain Monte Carlo sampling of the posterior probability distributions of the models was 

implemented in Stan (26) using the R package rstan (23) and run in 50 chains with each having a 

50,000 iteration burn-in and 50,000 iterations of sampling every 25th iteration.  

Biological data and analysis code are archived on Zenodo at: 

DOI: 10.5281/zenodo.21645 

 As an example for why these Bayesian estimates are more conservative than simpler 

analyses, we can look at the estimated change in IFNβ IC50 between untreated donor plasma 

viruses and IFNβ-selected donor plasma viruses (Fig. 2.3). We observed log10(IC50) in both 

untreated and IFNβ-selected viral isolates for 3 donors with averages:   

 

 

 

 

 

The simplest estimate would be to take the average, 1.423, and the standard deviation, 

0.0733, of the three differences and estimate the 95% confidence interval on the mean as:  

Donor Untreated IFNβ-selected Difference 

CH148 -4.269 -2.831 1.438 

CH492 -4.203 -2.717 1.487 

CH596 -4.162 -2.820 1.343 
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Or equivalently an estimate that IFNβ-selected donor viruses have an IC50 26.5-fold (95% 

confidence interval: 21.9–32.0-fold) higher than untreated isolates. In contrast, the Bayesian 

model yielded estimates of 20.7-fold (95% credible interval: 11.0–36.2-fold) higher IC50 values.  

Thus, the Bayesian model represents a more conservative approach that yields wider intervals in 

its estimation due to the incorporation of uncertainty in our estimates of untreated and IFNβ-

selected IC50 values for each donor. 
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Section 2.11 – Supplemental figures  
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Table S2.1. Generation of limiting-dilution isolates from eight epidemiologically linked transmission pairs 

Subject Transmission 
Partner 

Risk
Factor  Subtype Country Gender VL Fiebig 

Stage* 

Number 
of TF 

Viruses 
Sample Date UT IFNα2

selected 
IFNβ 

selected Days‡
Accession Codes 

Isolate Sequences§ SGA Sequences¶ 

CH0742 Donor MSM B USA M 112,531 PL 09/10/08 15 3 0 KY112461-KY112478 KY112494-KY112521 
na SEM 08/27/08 1 0 0 KY112480 
na SEM 09/10/08 11 0 0 KY112481-KY112491 
na SEM 10/29/08 1 0 0 KY112492 
na SEM 12/10/08 1 0 0 KY112493 
na SEM 03/18/09 0 0 0 

CH0378 Recipient 1 M 265,936 5 2 PL 08/05/08 17 7 0 36 KY112136-KY112159 KY112160-KY112189 
CH0831 Recipient 2 M 261,752 3 1 PL 11/14/08 8 4 4 65# KY112522-KY112537 KY112538-KY112576 
CH0148 Donor MSM B USA M 246,017 PL 12/19/06 12 3 4 KY112056-KY112074 KY111920-KY111946 
CH0040 Recipient M 298,026 1-2 1† PL 07/27/06 5 2 0 145 KY112190-KY112196 FJ495827-FJ495838 

CH0728 Donor MTF B USA M 23,965 PL 07/28/08 14 1 0 KY112429-KY112445 KY111983-KY111986 
KY112446-KY112460 

na SEM 07/27/08 0 0 0 
na SEM 08/27/08 0 0 0 
na SEM 11/04/09 0 0 0 
na SEM 05/13/10 0 0 0 

CH0302 Recipient F 16,218 5 1 PL 04/16/08 7 3 0 103 KY112127-KY112135 KY111947-KY111964,
KY364886  

CH0492 Donor FTM C MWI F 472,129 PL 03/11/08 13 19 14 KY112276-KY112321 KY112322-KY112359 
22,753 CVL 02/06/08 17 0 0 KY112259-KY112275 
7,582 CVL 02/21/08 0 0 0 

na CVL 03/11/08 0 0 0 

 
14,596 CVL 04/28/08 0 0 0 

CH0427 Recipient M 1,644,231 1-2 1 PL 01/23/08 10 10 1 47 KY112197-KY112217 KY112218-KY112250 
CH0596 Donor FTM C MWI F 250,981 PL 04/03/08 12 10 6 KY112362-KY112389 KY112390-KY112428 

na CVL 04/03/08 2 0 0 KY112360-KY112361 

 
na CVL 04/17/08 0 0 0 

CH0455 Recipient M 502,665 3 1 PL 01/29/08 5 3 0 65 KY112251-KY112258 KY111965-KY111982 
CH0212 Donor FTM C ZAF F 111,427 PL 08/01/07 11 1 0 KY112082-KY112093 KY112094-KY112126 
CH0162 Recipient M 18,260 3 1† PL 07/13/07 5 2 0 19 KY112075-KY112081 JX972986-JX972998 
CH1064 Donor FTM C MWI F 323,674 PL 04/08/09 18 10 0 KY111987-KY112014 KY112015-KY112055 

bld CVL 02/11/09 0 0 0 
bld CVL 02/25/09 0 0 0 
na CVL 04/08/09 0 0 0 

990 CVL 07/07/09 0 0 0 
CH0848 Recipient M 361,254 4 1 PL 07/29/08 4 4 0 265 KY112577-KY112584 KX216883-KX216893

KX216895 

MSM, men who have sex with men; MTF, male to female; FTM female to male; USA, United States; MWI, Malawi; ZAF, South Africa; M, male; F, female; PL, plasma; SEM, semen; CVL, 
cervicovaginal lavage; VL, viral load (RNA copies per milliliter of plasma); na, data not available; bld, below limit of detection; UT, untreated. Viral load determination, Fiebig staging, and 
limiting dilution virus isolation were performed on the same sample from the indicated time point. 
*defined as previously described (2).
†infectious molecular clone (IMC) available
‡number of days between recipient and first available donor samples.
#in contrast to all other recipients, CH831 was sampled 64 days after donor CH742.
§Isolate sequences represent near-complete viral genomes (8,750-9,208 bp).
¶SGA sequences span rev-vpu-env-nef gene regions (2,922-2,973 bp for KY112446-KY112460) or 3’ half genomes (4,112-4,936 bp).
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Donor IFN-Selected Untreated 

CH1064 0.175 0 
CH148 0.143 0 
CH492 0.136 0.112 
CH596 0.124 0.094 
CH742 0.095 0 
To assess the extent of segregation of plasma isolates generated in IFN-selected and untreated CD4+ T cells, we constructed maximum 
likelihood trees of full-length isolate sequences and calculated their genealogical sorting index (gsi) (21) using the genealogical Sorting R 
package (http://molecularevolution.org/software/phylogenetics/gsi/download).  Gsi indices range between 0 (no segregation) and 1 (complete 
monophyly). Statistical significance was assessed by randomly permuting character states across the tips of the tree 10,000 times. None of the 
values was significant, indicating complete interspersion (p values were corrected for multiple tests). 

Table S2.2A.  Genealogical sorting index analysis of sequences from uncultured plasma and limiting dilution 
isolates Donor Plasma SGA Plasma Isolates 

CH1064 0.039 0.120 
CH148 0.059 0.092 
CH212 0.142 0.421** 
CH492 0.119 0.100 
CH596 0.065 0.110 
CH728§ 0.346* 0.136 
CH742 0.090 0.224 
To assess to what extent viral isolates were representative of the virus present in the plasma of the chronically infected donors, we constructed 
maximum likelihood phylogenetic trees from 3’ half genome or env gene§ sequences and used these to assess the degree of segregation 
between single genome amplification derived plasma (Plasma SGA) and limiting dilution derived isolate (Plasma Isolates) sequences by 
determining their genealogical sorting index (gsi) (21). Gsi indices range between 0 (no segregation) and 1 (complete monophyly) and were 
calculated using the genealogical Sorting R package (http://molecularevolution.org/software/phylogenetics/gsi/download). Two gsi values, 
which were significantly higher than expected from random segregation, are indicated (* p<0.05; ** p < 0.01).  For CH212, available plasma 
isolates represented only two of three diverse viral lineages present in this donor’s quasispecies, indicating insufficient sampling (Fig. S3F). For 
CH728, the high gsi value was due to two clusters of near identical isolate sequences, indicating repeat culture of the same virus (Fig. S3C). 
Collapsing one of these clusters to a single sequence reduced the Plasma SGA and Plasma Isolate gsi values to non-significant values (0.3 
and 0.116, respectively). For all other donors, limiting dilution isolates were fully representative of the viral diversity present in the plasma. 
Statistical significance was assessed by randomly permuting character states across the tips of the tree 10,000 times (p values were corrected 
for multiple tests). 

Table S2.2B. Genealogical sorting index analysis of sequences from plasma and genital secretion isolates 

Donor Genital Secretion Isolates Plasma Isolates 

CH492 0.142 0.225 
CH742 0.236 0.333* 
To assess the extent of segregation of plasma and CVL isolates for donor CH492, and plasma and semen isolates for donor CH742, we 
constructed maximum likelihood trees of full-length plasma and genital secretion isolate sequences, and used these to calculate the 
genealogical sorting index (http://molecularevolution.org/software/phylogenetics/gsi/download) (21). Gsi indices range between 0 (no 
segregation) and 1 (complete monophyly), and values that were significantly higher than expected from random segregation are indicated (* 
p<0.05).  For CH742, the high gsi value was due to a pair of nearly identical semen isolate sequences, indicating repeat culture of the same 
virus (Fig. S3A). Collapsing this cluster to a single sequence reduced the genital secretion and plasma isolates gsi values to non-significant 
values (0.229 and 0.187, respectively). Statistical significance was assessed by randomly permuting character states across the tips of the tree 
10,000 times. Non-significant values indicate the absence of compartmentalization (p values were corrected for multiple tests). 

Table S2.2C. Genealogical sorting index analysis of sequences from IFN-selected and untreated plasma isolates 
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Fig. S2.1. Confirmation of epidemiological linkage of transmission pairs. 3’ half genome 

sequences were generated by single genome amplification (SGA) of viral RNA from the plasma 

of respective donors and recipients.  Nucleotide sequences of partial tat, partial rev, vpu, env and 

partial nef genes were aligned using CLUSTALW v. 2 (16), with ambiguous regions removed (the 

2,654 bp alignment spans HXB2 coordinates 5,984-8,866). A maximum likelihood tree with 

bootstrap support (1,000 replicates) was constructed using RAxML v. 8.0.22 (20) with a 

GTRGAMMA evolutionary model. Sequences from donors and acutely infected recipients are 

indicated by green and red rectangles, respectively, with brackets denoting individual 

transmission pairs. Donor CH742 transmitted to two recipients (Fig. S2.2), one of whom (CH378) 

acquired two transmitted founder viruses (v1 and v2). Also shown for CH378 are sequences that 

are recombinant between v1 and v2 (red rectangles with black circles). Subtype B reference 

sequences (labeled by accession code) included HXB2 (K03455), BK132 (AY173951), 1058 

(AY331295) and 671_00T36 (AY423387), while subtype C reference sequences included 

ETH2220 (U46016), BR025 (U52935), 95IN21068 (AF067155) and 04ZASK146 (AY772699). 

Asterisks indicate nodes with ≥ 95% bootstrap support (the scale bar represents 0.05 

substitutions per site). 
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Fig. S2.2. Transmitted founder sequence inference and enumeration. Neighbor-joining 

phylogenetic trees (left) and highlighter plots (right) were generated for SGA derived 3’ half 

genome sequences using the Los Alamos National Laboratory HIV Sequence Database 

Highlighter Tool (5). In the phylogenetic trees, the inferred transmitted founder (TF) sequence is 

shown at the top. The scale bar represents one base pair difference. In the highlighter plots, the 

TF sequence is used as the reference and indicated by a thick line. Thinner lines below 

correspond to sequences shown in the phylogenetic tree to the left. Tick marks indicate 

nucleotide differences from the TF sequence (green, A; blue, C; G orange; T, red).  (A) 

Sequences from the acute recipient CH378 (4,774 bp) span HXB2 coordinates 4,913-9,619. For 

this recipient, two TF variants (v1 and v2) were identified. The former was used as a reference for 

the highlighter plot, but both variants are shown as thick lines. A bold-faced R preceding the 

sequence name indicates recombinants between these two variants. (B) Sequences from 

recipient CH831 (4,783 bp) span HXB2 coordinates 4906-9622. (C) Sequences from recipient 

CH302 (4,757 bp) span HXB2 coordinates 4924-9603. (D) Sequences from recipient CH427 

(4,674 bp) span HXB2 coordinates 4932-9577. (E) Sequences from recipient CH455 (4,696 bp) 

span HXB2 coordinates 4924-9603. TF sequence inference and enumeration of the remaining 

three recipients (CH040, CH162, and CH848) have been published (4, 12, 27). 
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Fig. S2.3. Limiting dilution-derived isolates are representative of the viral quasispecies 

present in vivo.  The phylogenetic relationships of limiting dilution-derived isolate and SGA-

derived plasma viral sequences are shown for all transmission pairs. Maximum likelihood trees 

with bootstrap support (1,000 replicates) were constructed using PhyML v. 3.1 (17) with 

evolutionary models selected using jModelTest v. 2.1.4 (19). For transmitting donors, plasma 

isolates (labeled PL, followed by the date and the isolate number), genital secretion isolates 

(labeled SE for semen and CV for cervicovaginal lavage, followed by the date and isolate 

number), and plasma vRNA derived SGA sequences (labeled SGA, followed by the amplicon 

number) are indicated in green, purple and blue, respectively. For acutely infected recipients, 

plasma isolate and SGA sequences (labeled like donor isolates) are shown in red and brown, 

respectively. Nodes with ≥ 75% bootstrap support are indicated (the scale bars represent 0.01 

substitutions per site). (A) 3’ half genome sequences from donor CH742 and his two recipients 

CH831 and CH378 denoted by brackets (4,358 bp). CH378 acquired two TF viruses, termed v1 

and v2 (recombinants of these are labeled R). (B) 3’ half genome sequences from donor CH148 

and recipient CH040 (4,481 bp). SGA sequences for CH040 are available under GenBank 

accession codes: FJ495827 - FJ495838. (C) tat/rev, env and nef sequences from donor CH728 

and recipient CH302 (2,829 bp). (D) 3’ half genome sequences from donor CH492 and recipient 

CH427 (4,539 bp). (E) 3’ half genome sequences from donor CH596 and recipient CH455 (4,501 

bp). (F) 3’ half genome sequences from donor CH212 and recipient CH162 (4,463 bp). SGA 

sequences for CH162 are available under GenBank accession codes: JX972986 - JX972998. (G) 

3’ half genome sequences from donor CH1064 and recipient CH848 (4,550 bp). SGA sequences 

for CH848 are available under GenBank accession codes: KX216883 - KX216893 and 

KX216895. 
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Fig. S2.4. Env content, particle infectivity and replicative capacity of limiting dilution-

derived isolates from matched donor and recipient pairs. (A) Env content (gp120:RT mass 

ratio), (B) particle infectivity (relative light units [RLU] in the TZM-bl assay per picogram of RT), 

and (C) replicative capacity (ng of p24 per ml of CD4 T cell culture supernatant at day 7 post 

infection) are shown for each limiting dilution-derived isolate of each transmission pair. Each dot 

represents an individual isolate derived from donor plasma (PL, green), donor genital secretions 

(CVL or SEM, purple), or recipient plasma (PL, red). Black lines denote the geometric mean, and 

fold changes are listed above groups when significant (P < 0.05).  
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Fig. S2.5. IFN resistance of limiting dilution-derived isolates from matched donor and 

recipient pairs. Donor and recipient isolates were tested for their sensitivity to inhibition by type 1 

IFNs. (A) Half-maximal inhibitory concentrations (IC50) for IFNα2 (pg/ml); (B) residual viral 

replication (Vres) at the highest (5.5 pg/ml) IFNα2 dose (Vres); (C) Half-maximal inhibitory 

concentrations (IC50) for IFNβ (pg/ml); (D) residual viral replication (Vres) at the highest (0.44 pg) 

IFNβ dose. Each dot represents an individual isolate derived from donor plasma (PL, green), 

donor genital secretions (CVL or SEM, purple), or recipient plasma (PL, red). Black lines denote 

the geometric mean, and fold changes are listed above groups when significant (P < 0.05). 

Orange dots indicating IFNα2 and IFNβ IC50 and Vres values for two available (CH040 and 

CH162) TF virus infectious molecular clones (4, 12) are shown for control. 
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Fig. S2.6. Residual viral replication (Vres) of untreated and IFN-selected isolates from 

matched donor and recipient pairs. (A, C) Donor and recipient isolates were tested for their 

ability to replicate in CD4+ T cells in the presence of maximal doses of IFNα2 (A) and IFNβ (C), 

expressed as the percentage of viral growth retained relative to growth in the absence of IFN. 

Viruses are colored by transmission pair and include untreated as well as IFNα2-selected and 

IFNβ-selected isolates from both donors and recipients. (B, D) A hierarchical Bayesian regression 

model was used to estimate the population-wide fold change in the odds of retaining replication in 

the presence of maximal (non-toxic) doses of IFNα2 (B) or IFNβ (D), when comparing untreated 

and IFNα2-selected donor plasma isolates (blue), untreated and IFNβ-selected donor plasma 

isolates (green), untreated donor plasma and genital secretion isolates (purple), untreated donor 

and recipient plasma isolates (red), untreated and IFNα2-selected recipient plasma isolates 

(grey) and untreated and IFNβ-selected recipient plasma isolates (yellow). The dashed vertical 

line marks a fold change of 1, indicating no effect. The estimated posterior probability distribution 

for each parameter is shown along with a table summarizing the expected fold change, and the 

probability that the effect is less than 1. 
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Fig. S2.7. Phylogenetic relationships of IFN-selected and unselected isolates from 

matched donor and recipient pairs. Nucleotide sequences were aligned using CLUSTALW v. 2 

(16), with ambiguous regions removed. Maximum likelihood trees with bootstrap support (1,000 

replicates) were constructed using PhyML v. 3.1 (17) with evolutionary models selected using 

jModelTest v. 2.1.4 (19). Donor plasma isolate sequences (labeled PL, followed by the date and 

the isolate number) and genital tract isolate sequences (labeled SE for semen and CV for 

cervicovaginal lavage, followed by the date and isolate number) are shown in green and purple, 

respectively, while recipient plasma isolate sequences are shown in red (labeled PL, followed by 

the date and the isolate number). Isolates obtained in CD4+ T cells pretreated with IFNα2 (A2) or 

IFNβ (BE) are highlighted by asterisks and triangles, respectively. Bootstrap values ≥ 75% are 

shown (scale bars represent 0.01 substitutions per site). (A) Phylogenetic tree of near complete 

isolate sequences (8,812 bp) from donor CH742 and recipients CH831 and CH378 (denoted by 

brackets). CH378 was infected by two TF viruses (v1 and v2; recombinants of v1 and v2 are 

indicated with an “R”). (B) Phylogenetic tree of near complete isolate sequences (8,737 bp) from 

donor CH148 and recipient CH040; (C) Phylogenetic tree of near complete isolate sequences 

(8,872 bp) from donor CH728 and recipient CH302; (D) Phylogenetic tree of near complete 

isolate sequences (8,582 bp) from donor CH492 and recipient CH427; (E) Phylogenetic tree of 

near complete isolate sequences (8,674 bp) from donor CH596 and recipient CH455; (F) 

Phylogenetic tree of near complete isolate sequences (8,795 bp) from donor CH212 and recipient 

CH162; (G) Phylogenetic tree of near complete isolate sequences (8,861 bp) from donor CH1064 

and recipient CH848. Arrows indicate examples of isolates with identical vpu sequences that 

differed in their p24 release capacity.  
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Section 3.1- Abstract  

 

 

HIV-1 groups M, N, O and P are the result of independent zoonotic transmissions of SIVs 

infecting great apes in Africa. Among these, only Vpu proteins of pandemic HIV-1 group M strains 

evolved potent activity against the restriction factor tetherin, which inhibits virus release from 

infected cells. Thus, effective Vpu-mediated tetherin antagonism may have been a prerequisite 

for the global spread of HIV-1. To determine whether this particular function enhances primary 

HIV-1 replication and interferon resistance, we introduced mutations into the vpu gene of HIV-1 

group M and N strains to specifically disrupt their ability to antagonize tetherin, but not other Vpu 

functions, such as degradation of CD4, down-modulation of CD1d and NTB-A, and suppression 

of NF-kB activity. Lack of particular human-specific adaptations reduced the ability of HIV-1 group 

M Vpu proteins to enhance virus production and release from primary CD4+ T cells at high levels 

of type I IFN from about 5-fold to 2-fold. Interestingly, transmitted founder HIV-1 strains exhibited 

higher virion release capacity than chronic control HIV-1 strains irrespective of Vpu function, and 

group M viruses produced higher levels of cell-free virions than an N group HIV-1 strain. Thus, 

efficient virus release from infected cells seems to play an important role in the spread of HIV-1 in 

the human population and requires a fully functional Vpu protein that counteracts human tetherin.    
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Section 3.2 – Importance  

 

 Understanding which human-specific adaptations allowed HIV-1 to cause the AIDS pandemic is 

of great importance. One feature that distinguishes pandemic HIV-1 group M strains from non-

pandemic or rare group O, N and P viruses is the acquisition of mutations in the accessory Vpu 

protein that confer potent activity against human tetherin.  Adaptation was required because 

human tetherin has a deletion that renders it resistant to the Nef protein used by the SIV 

precursor of HIV-1 to antagonize this antiviral factor. It has been suggested that these 

adaptations in Vpu were critical for the effective spread of HIV-1 M strains, but direct evidence 

has been lacking. Here, we show that these changes in Vpu significantly enhance virus 

replication and release in human CD4+ T cells, particularly in the presence of IFN, thus 

supporting an important role in the spread of pandemic HIV-1.   
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SECTION 3.3 – Introduction 

 

Pandemic HIV-1 emerged following the transmission of a simian immunodeficiency virus (SIV) 

from chimpanzees (cpz) to humans early in the 20th century (1). Since then, this major (M) group 

of HIV-1 has infected more than 70 million people and caused more than 30 million deaths. In 

contrast, HIV-1 groups O, N and P, which also resulted from zoonotic transmissions of 

chimpanzee (N) and gorilla (O, P) SIVs, have spread far less efficiently in the human population. 

Group O viruses have been found in about 100,000 individuals in Cameroon and surrounding 

countries (2), while HIV-1 groups N and P viruses are rare and have only been detected in a 

handful of individuals (3, 4).  

 One possible reason for why only HIV-1 group M became pandemic is the acquisition of 

potent anti-tetherin activity by its Vpu protein (5). Tetherin is an antiviral restriction factor that 

inhibits virus release by tethering nascent virus particles to the surface of infected cells (6, 7). 

Most primate lentiviruses including SIVcpz and SIVgor use their Nef protein to antagonize this 

antiviral factor (5, 8, 9). A deletion in the cytoplasmic domain of human tetherin, however, confers 

resistance to SIV Nefs and thus represents a significant barrier for successful zoonotic 

transmission (10, 11). Pandemic group M and (to a much lesser extent) rare group N strains 

acquired Vpu-mediated anti-tetherin activity (5, 12), while HIV-1 group O strains evolved the 

ability to counteract human tetherin by adapting their Nef protein to target a region adjacent to the 

deletion (13). However, neither of the two known group P viruses acquired significant anti-human 

tetherin activity (14, 15). 

 It has been shown that specific amino acid residues in the transmembrane domain (TMD) 

allow HIV-1 group M Vpus to interact directly with the TMD of tetherin and to counteract this 

restriction factor (16-18). In contrast, other Vpu functions are conserved between HIV-1 and its 

simian precursors. For example, SIVcpz and SIVgor Vpus are active in degrading human CD4 (5) 

and in suppressing the transcription factor NF-kB and interferon induction in human cells (19). 
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Furthermore, SIVcpz Vpu proteins downregulate cell surface expression of human NTB-A and 

CD1d (12), which suppress NK cell-mediated lysis of virally infected cells (20) and antigen 

presentation by virally infected dendritic cells, respectively (21). Complete abrogation of Vpu 

impairs HIV-1 replication in primary CD4+ T cells and humanized mice, and renders the virus 

hypersensitive to IFN-α inhibition (22-24). However, it remains unknown how much the more 

recently acquired Vpu-mediated anti-tetherin activity contributes to replication fitness and IFN 

resistance of HIV-1 group M. To address this, we introduced mutations in the TMD of the Vpu 

proteins of six group M infectious molecular clones (IMCs) that specifically abrogated their ability 

to antagonize human tetherin. We show that these changes significantly decrease HIV-1 

replication and increase IFN sensitivity in primary human CD4+ T cells. Thus, human-specific 

adaptation of SIVcpz Vpu was likely required to gain maximal replication fitness of group M 

viruses in the new host and facilitate the successful colonization of humans.  
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SECTION 3.4 – Results 

 

Generation of HIV-1 Vpu mutants that are selectively impaired in tetherin antagonism. 

Efficient counteraction of human tetherin by Vpu distinguishes HIV-1 group M strains from other 

group O, N and P strains (5). To examine the effect of Vpu-mediated tetherin antagonism on HIV-

1 replication and IFN sensitivity in human CD4+ T cells, we generated a panel of infectious 

molecular clones (IMCs) that lacked this specific Vpu function. We achieved this by mutating two 

alanines in the TMD of Vpu, which have previously been shown to be critical for antagonism of 

human tetherin (16-18), to leucines (Fig. 3.1A). These mutations were introduced into two (CCR5-

tropic) transmitted founder (TF) (CH058-TF, CH077-TF) and two chronic control (CC) viruses 

(STCO-CC, CH167-CC) (25). The T-cell line adapted (CXCR4-tropic) NL4-3 clone served as a 

control. All IMCs represented clade B viruses, except for CH167-CC, which is a clade C strain 

(Table 1). For comparison, we also generated a mutant of the group N HIV-1 clone DJO0131 (26) 

to determine whether the modest gain of anti-tetherin activity by this viral lineage (5, 12) is 

sufficient to promote virus replication and release in primary CD4+ T cells.   

 To verify that the introduced mutations abrogated Vpu`s ability to counteract human tetherin, 

we cotransfected HEK293T cells with vectors expressing wild-type (wt) or TMD mutant (Tmut) 

Vpu proteins and eGFP (or eGFP alone for control) together with a construct expressing human 

tetherin. The TMD mutations did not affect Vpu expression levels (Fig. S3.1A), but significantly 

impaired the ability of all HIV-1 M Vpus to reduce tetherin cell surface expression (Fig. 3.1B, 

S3.1B). In agreement with published data (12), the DJO0131 N-Vpu was poorly expressed (Fig. 

S3.1A) and had only a modest effect on tetherin, which was entirely abolished by the TMD 

mutations (Fig. 3.1B, S3.1B). To further examine the effect of these TMD mutations, we analyzed 

the efficiency of virus release from HEK293T cells cotransfected with vpu-defective HIV-1 NL4-3 

together with constructs expressing wt or TMD-mutated Vpu proteins or eGFP only, as well as 
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plasmids expressing human tetherin at different doses. The results showed that the TMD 

mutations completely disrupted the ability of Vpu to enhance virus release (Fig. 1C). Notably, 

HIV-1 M subtype C CH167-CC Vpu antagonized tetherin more efficiently than subtype B and 

group N Vpus (Fig. 3.1C). 

 To determine the specificity of the TMD mutations for the anti-tetherin activity of Vpu, we 

transfected HEK293T cells with vectors co-expressing Vpu and eGFP together with constructs 

expressing CD4, NTB-A or CD1d. All HIV-1 M Vpus strongly reduced cell surface expression of 

CD4, while the group N Vpu had little effect (Fig. S3.1B, S3.1C). Although only Vpus from the two 

CC HIV-1 M strains STCO-CC and CH167-CC significantly reduced NTB-A and CD1d cell 

surface expression (Fig. S3.1D, S3.1E), the effect of Vpu on these receptors was not significantly 

impaired by the TMD mutations. HIV-1 M Vpus also suppressed antiviral gene expression and 

immune activation by inhibiting NF-κB activation (19, 27). Cotransfection of HEK293T cells with 

vectors coexpressing Vpu and eGFP together with an NF-κB-dependent firefly luciferase reporter 

construct and a constitutively active mutant of IKKβ showed that the CH058-TF, CH077-TF and 

STCO-CC Vpus suppressed IKKβ-mediated NF-κB activation by ∼80%, whereas the NL4-3 Vpu 

achieved ~40% inhibition and the HIV-1 N Vpu was inactive (Fig. S2A). Thus, in agreement with 

previous data (19, 28), primary HIV-1 M Vpus inhibited NF-κB more efficiently than the NL4-3 or 

group N Vpu proteins. It has been reported that Vpu may suppress NF-κB activation by at least 

two different mechanisms: antagonism of tetherin (27) and stabilization of IκB and prevention of 

nuclear translocation of p65 (19). Thus, we also analyzed whether the TMD mutations affect the 

ability of Vpu to inhibit tetherin-mediated NF-κB stimulation. Consistent with previous data (27), 

tetherin expression induced NF-κB activation in a dose-dependent manner (Fig. S3.2B). 

However, wt and Tmut Vpu proteins suppressed tetherin-mediated NF-κB activation with similar 

potencies (Fig. S3.2B). This result is in agreement with our previous finding that primate lentiviral 

Vpu proteins efficiently prevent NF-κB activation independent of their anti-tetherin activity (19).  
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 To determine the effect of the TMD mutations on the ability of Vpu to reduce tetherin and CD4 

surface expression levels in primary human cells, PHA-stimulated peripheral blood mononuclear 

cells (PBMCs) were infected with the six sets of HIV-1 infectious molecular clones (IMCs) 

containing wt, TMD mutated or defective vpu genes. The latter contained either a 120 bp deletion 

(NL4-3) or two premature stop codons at positions two and three of the reading frame (all other 

IMCs). Three days later, the cells were stained for surface tetherin and CD4, permeabilized, and 

stained for intracellular p24 expression. On average, wt group M Vpus reduced the surface levels 

of tetherin by ~50%, while HIV-1 N Vpu achieved 34% (Fig. 3.2). Since no specific antibodies are 

available, we could not determine whether the modest activity of the N-Vpu was the result of poor 

activity or low expression levels. The two Ala to Leu substitutions in the TMD domain of Vpu 

generally disrupted tetherin downmodulation in HIV-1-infected primary cells (Fig. 3.2). In contrast, 

all 18 HIV-1 IMCs efficiently reduced CD4 cell surface expression, irrespective of the Vpu allele 

(Fig. S3.3). This is because these proviral HIV-1 constructs express functional Env and Nef 

proteins and particularly the latter is highly effective in down-modulating CD4 in HIV-1-infected T 

cells (29). 

 

Tetherin antagonism is critical for effective HIV-1 production in CD4+ T cells. CD4+ T cells 

are the first productively infected cell type detected in primary HIV-1 infection (30) and TF HIV-1 

strains, which establish de novo clinical infection, are less sensitive to inhibition by type I 

interferon (IFN) than chronic control HIV-1 (31, 32). To determine the role of Vpu-mediated 

tetherin antagonism in virus production and sensitivity to IFN, we infected activated CD4+ T cells 

with equivalent amounts of virus in the presence and absence of IFNαa and determined the 

levels of p24 antigen production in culture supernatants on day 7 post-infection. Because of their 

importance in HIV-1 transmission, we focused on the CH058-TF and CH077-TF viruses and used 

the NL4-3 and chronic CH167-CC IMCs as controls. 
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 In agreement with published data (31, 32), the CH058-TF and CH077-TF HIV-1 IMCs 

produced substantially higher levels of cell-free virus than the chronic CH167-CC or the T-cell line 

adapted NL4-3 construct in the presence, but not in the absence, of IFNαa (Fig. 3.3A). IFNαa 

treatment reduced cell-free p24 yield of wt TF HIV-1 IMCs by ~9-fold. This reduction was 

significantly lower than that observed for NL4-3 (58.2-fold) and the CC CH167-CC IMC (44.1-fold) 

(Fig. 3.3B). Point mutations in the TM domain of Vpu increased IFN sensitivity to a similar extent 

(~3.1-fold) as the complete lack of Vpu (~3.5-fold) (Fig. 3.3B). In the absence of IFNαa, wt 

CH058-TF and CH077-TF Vpus enhanced p24 production by 85% and 189%, whereas the 

corresponding Tmut Vpus achieved only 38% and 121% (Fig. 3.3C). The ability of Vpu to 

enhance cell-free p24 levels was more pronounced in the presence of IFNαa: wt CH058-TF, 

CH077-TF and NL4-3 Vpu proteins increased cell-free p24 antigen yield about 5-fold (Fig. 3.3C). 

In agreement with its potent anti-tetherin activity in transient transfection assays (Fig. 3.1C), the 

CH167-CC Vpu achieved a 9-fold enhancement (Fig. 3.3C), although the corresponding IMC 

produced only low levels of cell-free virus (Fig. 3.3A). Tmut Vpus increased the levels of p24 

antigen in the supernatants of IFNαa CD4+ T cell cultures only marginally compared to HIV-1 

IMCs lacking Vpu function entirely (Fig. 3.3C). Our finding that wt Vpu proteins enhanced the 

levels of cell-free HIV-1 TF viruses in the presence of IFNa substantially more efficiently than 

Tmut Vpus is consistent with a relevant role of tetherin antagonism for viral spread in vivo. 

 

IFNαa treatment impairs release of vpu mutant but not wt HIV-1 strains. To assess the 

effects of the TMD mutations on total virus production and the efficiency of virion release, we 

determined the levels of cell-associated and total p24 antigen in the HIV-1-infected cultures (Fig. 

S3.4A, S3.4B). Total p24 was determined as the sum of both cell-free and cell-associated p24. 

The impact of Vpu on the levels of cell-associated p24 varied (Fig. S3.4C), most likely because 

functional vpu genes may also enhance viral replication and thus increase the total number of 
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infected cells. Fully functional wt Vpus increased the total amount of p24 antigen produced in 

IFN-treated cultures by ~3-fold and this enhancement was severely impaired by the TMD 

mutations in Vpu (Fig. 3.3D). We quantified released p24 as the ratio of cell-free p24 divided by 

total p24. IFNαa treatment generally decreased the efficiency of virus release (Fig.3.3E). TMD 

mutations or the lack of Vpu function reduced virion release efficiency by ~20% in the absence 

and by ~50% in the presence of IFNa treatment (Fig. 3F). Although the Tmut Vpus failed to 

enhance virion release (Fig. 3.3E, 3.3F), they significantly enhanced total (Fig. 3.3D, S3.4B) p24 

production in the infected cultures.   

 

TF IMCs produce high titers of cell-free virus even in the absence of Vpu function. The data 

outlined above suggest that in addition to the anti-tetherin function, other activities of M-Vpus 

contribute to efficient viral replication in primary CD4+ T cells. However, the results shown in 

Figure 3.3 were only derived from a single time point (day 7) following HIV-1 infection. To further 

examine the importance of Vpu-mediated tetherin antagonism for HIV-1 replication, we monitored 

virus production in primary CD4+ T cells infected with wt and vpu mutant HIV-1 IMCs over a 

period of nine days (Fig. 3.4A). In addition, we included another CC HIV-1 IMC (STCO-CC) and 

the HIV-1 N DJO0131 clone in the analyses. As expected, TF HIV-1 strains CH058-TF and 

CH077-TF exhibited substantially higher levels of virus production than the remaining IMCs in the 

presence of IFNαa (Fig. 3.4A, 3.4B). On average, IFNαa treatment decreased virus yield of these 

two TF viruses ~9-fold, whereas that of the CC HIV-1 strains CH167-CC and STCO-CC was 47- 

and 75-fold, and that of the group N virus even >100-fold reduced (Fig. 3.4C).  

 The TMD mutations in Vpu resulted in cell-free virus yields that were intermediate between wt 

and vpu-defective HIV-1 group M strains in the absence of IFNαa treatment (Fig. 3.4B). In the 

presence of IFNαa, the Tmut Vpus failed to enhance the p24 levels in cultures infected with NL4-

3 or the CC strains, and had only modest effects on the two TF strains (Fig. 3.4B). Mutations in 
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the TMD or lack of Vpu function enhanced sensitivity of most HIV-1 M IMCs to IFNαa inhibition 

~3- to 4-fold (Fig. 3.4C). The exception was the STCO-CC strain, which showed low levels of 

replication and was highly susceptible to IFNα inhibition irrespective of Vpu function (Fig. 3.4C). 

The single group N virus was also very susceptible to IFN inhibition. Notably, the ~4-fold 

enhancement of p24 production by HIV-1 N Vpu in the presence of IFN was not impaired by the 

TMD mutations (Fig. 3.4A-C). Thus, N-Vpu appears to promote HIV-1 replication independent of 

its modest anti-tetherin activity. In contrast, the 5- to 9-fold enhancing effect of group M Vpus was 

disrupted by the TMD mutations (Fig. 3.4D). We ranked the HIV-1 IMCs based on their efficacy to 

produce cell-free virus (Fig. 3.4E). In the absence of IFN, the T-cell line adapted NL4-3 construct 

showed the highest virus yield and functional vpu genes had only modest effects on the levels of 

cell-free p24 (Fig. 3.4E). In contrast, TF HIV-1 IMCs produced the highest levels of cell-free p24 

in the presence of IFN. Mutations in the TMD domain or entire loss of Vpu function reduced cell-

free p24 yield from TF IMCs by 2.5- and 5-fold, respectively. However, even the vpu mutated or 

vpu-defective TF IMCs showed higher virus yields than the CC HIV-1 M and the group N strains 

(Fig. 3.4E, right). Thus, Vpu-mediated tetherin antagonism is critical for high virus yield from 

infected CD4+ T cells in the presence of IFNαa, but additional vpu-independent functions also 

play a role. 

 

TF IMC infected cells release virions with high efficacy even in the absence of Vpu 

function. Next, we determined the levels of cell-free and total p24 antigen in the cultures (Fig. 

S3.5) to calculate the efficiency of virus release. Unexpectedly, the Tmut HIV-1 M IMCs produced 

total quantities of p24 antigen that were as high (CH058-TF, STCO-CC) or slightly higher (NL4-3; 

CH077-TF, CH167-CC) than the p24 antigen amounts produced by the respective wt viruses 

(Fig. S3.5B), which may be due to more effective cell-to-cell spread and/or Vpu-mediated 

degradation of CD4 in Tmut infected cultures. In agreement with data shown in Figure 3.3, IFNαa 
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treatment reduced the efficiency of virus release, particularly in the absence of a functional Vpu. 

Furthermore, release of the TF HIV-1 IMCs was more efficient than that of CC viruses, while 

release of the HIV-1 group N DJO0131 IMC was markedly reduced relative to the five group M 

viruses (Fig. 3.5A). These differences in virion release were highly reproducible in independent 

experiments (Fig. S3.6). Interestingly, Tmut as well as vpu-defective TF HIV-1 strains showed 

significantly higher efficiencies of virion release than the wt CC HIV-1 strains in the presence of 

IFNαa  (Fig. 3.5A, 3.5B). In general, the differences in virion release capacity were much more 

pronounced in IFNαa-treated than in untreated CD4+ T cell cultures (Fig. 3.5C), but the relative 

efficiencies of the 18 HIV-1 IMCs measured under both conditions showed a highly significant 

correlation (Fig. 3.5D). CC HIV-1 IMCs containing disrupted or mutated vpu genes and all HIV-1 

group N constructs exhibited very low (<10% of wt TF HIV-1 IMCs) efficiencies of virion release 

(Fig. 3.5C, right). For all viruses, there was a significant correlation between p24 production and 

release, particularly in IFNαa-treated cultures (Fig. 3.5E, 3.5F), although other factors clearly also 

influence virus production. Finally, we examined whether the human specific adaptations in Vpu 

affected the infectiousness of viral particles produced in the infected CD4+ T cells cultures. We 

found that the TF derived virions were substantially more infectious than the CC and group N 

derived particles (Fig. S3.7A). The mutations in Vpu, however, had no significant effect on virion 

infectivity (Fig. S3.7B). Altogether, these results suggest that high infectivity and efficient virion 

release might represent hallmarks of TF HIV-1 strains and that the latter is only partly dependent 

on potent Vpu-mediated tetherin antagonism. 
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Section 3.5 – Discussion  

 

Great apes transmitted SIVs to humans on at least four independent occasions. However, only 

one of these transmission events resulted in a pandemically spreading pathogen (1). Elucidating 

the viral properties that mediate efficient spread of HIV-1 is important for preventive strategies. It 

has been suggested that the acquisition of Vpu-mediated tetherin antagonism promoted efficient 

spread of HIV/AIDS (10, 11). However, direct evidence for this hypothesis has been lacking 

because thus far only T-cell line adapted viruses have been characterized that were completely 

vpu-deficient. Here, we show that amino acid mutations in the TMD domain of Vpu, which are 

critical for anti-tetherin activity, reduce virion production and release in the presence of IFNαa by 

about 50%. Tmut TF viruses were released about 3-fold more efficiently than Tmut CC viruses, 

and >10-fold more efficiently than the Tmut group N virus in IFNa-treated human CD4+ T cells, 

although this release was only partly dependent on Vpu (Fig. 3.5C). Thus, our data support the 

hypothesis that adaptation at key Vpu residues that confer effective tetherin antagonism were 

indeed important for the spread of HIV/AIDS. Moreover, our data suggest that TF HIV-1 M strains 

have evolved additional yet-to-be-defined Vpu-independent functions to ensure efficient virus 

release and replication in the face of an innate antiviral response. 

 The TMD mutations in Vpu resulted in HIV-1 M virus levels that were intermediate between wt 

and vpu-defective IMCs, although in the presence of exogenous IFNαa this phenotype was 

almost identical to that of HIV-1 lacking Vpu entirely (Fig. 3.4A, 3.5B). However, in the absence of 

IFNαa, Tmut Vpus had little if any reducing effect on the total levels of HIV-1 p24 antigen 

production (Fig. S3.3B, S3.4B). The remaining activity of Tmut Vpus is unlikely due to residual 

anti-tetherin activity, since there were no significant differences in the amounts of particle release 

from TMD-mutated and Vpu deficient IMC infected cultures (Fig. 3.3F, 3.5A). Together, these 

data suggest that both the newly acquired anti-tetherin activity and other Vpu functions that are 
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conserved between HIV-1 and SIVcpz Vpus, such as degradation of CD4 or inhibition of NF-kB 

activation, increase viral replication fitness in primary CD4+ T cells. Lentiviral accessory proteins 

are well known for their multi-functionality, only some of which might be lost after cross-species 

transmission.  

 Although mutations in the TMD domain of Vpu and complete lack of Vpu function reduced the 

replication potential and particle release of TF viruses, particularly upon treatment with IFNαa, 

their growth rates and virion production capacity remained significantly higher than those of wt 

CC HIV-1 strains (Fig. 3.4, 3.5). Tetherin-independent effects on virus release are further 

supported by the reduced replication capacity of the CH167-CC IMC compared to the two TF 

viruses and HIV-1 NL4-3 (Fig. 3A, 4A), although its Vpu showed the highest potency in 

antagonizing tetherin (Fig. 3.1C) and enhancing p24 production (Fig. 3.3C, 3.4D). Moreover, the 

Vpu proteins of TF viruses are equally potent at antagonizing human tetherin than those derived 

from CC HIV-1 strains (33, 34). Thus, other as-yet-unknown viral properties that promote efficient 

release of virions from infected T cells likely contribute to virus spread. One of them is the ability 

to potently degrade and downmodulate CD4. It has been shown that CD4 inhibits virus release 

(35) and reduces virion infectivity (36, 37). The phenotype of the group HIV-1 N DJO0131 strain 

that lacks a Vpu-mediated CD4 degradation function (12) supports these findings. Potent CD4 

downmodulation are also consistent with previous data showing that TF virions are slightly more 

infectious and contain about two-fold more Env per particle than CC viruses (32). Although all 

IMCs efficiently down-modulated cell-surface CD4 due to functional Nef and Env expression, 

Vpu-mediated CD4 degradation may contribute to potent virus release and replication by 

preventing intracellular interaction between CD4 and the viral Env glycoprotein (35-37). However, 

other cellular factors that affect virion release efficacy, such as T-cell immunoglobulin (Ig) and 

mucin domain (TIM) proteins (38), may also play a role, and it will be interesting to determine 

whether they are efficiently counteracted by TF HIV-1. 
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 It is still unclear whether cell-free or cell-associated virus predominates in sexual HIV-1 

transmission (39, 40), although multiple studies found a correlation between the efficiency of 

transmission and levels of cell-free virus in blood or genital secretions (41-43). We found that TF 

viruses produced much higher levels of cell-free virus than CC HIV-1 M, whereas the levels of 

cell-associated virus were higher in the T cell cultures infected with the CH167-CC and group N 

DJO0131 viruses (Fig. S3.5A). Thus, it is possible that cell-free HIV-1 plays an important role in 

sexual virus transmission. 

 The group N HIV-1 molecular clone was highly sensitive to IFN inhibition and produced very 

little cell-free virus in the presence of IFN (Fig. 3.4E), although the levels of cell-associated p24 

antigen and total produced virus were comparable to that of the two TF HIV-1 M strains both in 

the presence and absence of IFNαa (Fig. S3.5). However, in the presence of IFN both wt and 

TMD mutated group N Vpus increased cell-free virus production about 4-fold (Fig. 3.4D). Thus, it 

seems clear that the DJO (N) Vpu promotes virus production by yet-to-be-defined tetherin-

independent mechanisms. Whether these effects of N-Vpu contribute to viral pathogenesis 

remains to be determined but it is noteworthy that HIV-1 N strains can cause CD4+ T cell 

depletion and AIDS (44-46). 

 In summary, our results demonstrate that Vpu-mediated tetherin antagonism enhances virus 

production and release from primary CD4+ T cells by about 5-fold in the presence of high levels 

of type I IFN. We further show that even vpu-defective or mutated TF HIV-1 strains exhibit higher 

virion release capacity than wt CC HIV-1 strains in IFNαa-treated primary T cells. Thus, TF HIV-1 

M vpu genes appear to encode functions in addition to effective tetherin antagonism that enhance 

viral replication and release in the presence IFN. Finally, CD4 T cell infected with wt group N virus 

produced about 4-fold less cell-free virions compared to CC HIV-1 M strains and about 13-fold 

less virions compared to TF HIV-1 M IMCs. Thus, the efficiency with which virus is released from 

infected CD4 T cells appears to be correlated with the ability of HIV-1 to spread in humans, with 

anti-tetherin activity playing a major role at least for group M viruses. 
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Section 3.6 - Materials and methods 

 

HIV-1 proviral constructs. Generation of NL4-3, CH058, CH077, CH167, STCO and group N 

DJO0131 HIV-1 IMCs has been previously described (12, 25, 26, 32, 47) (Table S1). Site-

directed mutagenesis of vpu was performed by splice overlap extension PCR and all constructs 

were verified by sequence analysis. TMD mutations in Vpu are shown in Fig. 3.1A. Grossly vpu-

defective IMCs contained a premature stop codon at amino acid positions two and three of the 

vpu reading frame, except NL4-3 that contained a 120 bp deletion in vpu.  

Expression vectors. Cloning of HIV-1 vpu genes and human tetherin, CD4, NTB-A and CD1d 

alleles into the bi-cistronic CMV promoter-based pCG expression vector coexpressing the green 

fluorescent protein (GFP) was performed as described previously (5, 12). 

Cell culture. HEK293T cells were maintained in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% heat-inactivated fetal bovine serum, 350 µg/ml L-glutamine, 100 µg/ml 

streptomycin sulfate and 100 U/ml penicillin. HEK293T cells were transfected by the calcium 

phosphate method. Human peripheral blood mononuclear cells (PBMC) from healthy donors 

were isolated using lymphocyte separation medium (Biocoll Separating Solution, Biochrom), 

stimulated for 3 days with PHA (1 µg/ml) and cultured in RPMI1640 medium with 10% FCS and 

10 ng/ml IL-2 prior to infection. 

Flow cytometric analysis. To determine the effect of Vpu on CD4, CD1d, NTB-A and tetherin 

cell surface expression, HEK293T cells were transfected by the calcium phosphate method with 1 
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µg of a CD4, CD1d, NTB-A, or tetherin expression vector and 5 µg of pCG eGFP/Vpu constructs 

expressing eGFP alone or together with Vpu. Two days post-transfection CD4, CD1d, NTB-A or 

tetherin expression was examined by FACS analysis. An allophycocyanin-conjugated anti-human 

tetherin antibody (Biolegend), allophycocyanin-conjugated anti-human CD4 antibody (Invitrogen; 

MHCD0405), a phycoerythrin-conjugated anti-CD1d antibody (BD 550255) or an APC-conjugated 

anti-SLAM6 antibody (R&D FAB19081A) was used for staining. Fluorescence of stained cells was 

detected by two-color flow cytometry and Vpu-mediated CD4, CD1d, NTB-A or tetherin down-

modulation was calculated as described previously for the functional analysis of nef alleles (48). 

To determine the effect of Vpu on tetherin surface expression levels in primary cells, PHA-

stimulated PBMCs were transduced by spinoculation (2 h at 37°C, 1300 x g) with VSVg-

pseudotyped HIV-1 proviral constructs. Three days after transduction, PBMCs were dual stained 

for surface tetherin (allophycocyanin-conjugated anti-human tetherin antibody from Biolegend) 

and CD4 (phycoerythrin-conjugated anti-human CD4 from Invitrogen MHCD0404), permeabilized 

and stained intracellularly for p24 with a FITC-conjugated antibody (Beckman coulter). 

Western blot. To monitor Vpu expression, 293T cells were transfected with 5 µg of vector DNA 

co-expressing eGFP and AU-1 tagged Vpus. The vpu alleles were not codon-optimized. Two 

days post-transfection cells were harvested, lysed in CO-IP buffer (150 mM NaCl, 50 mM 

HEPES, 5 mM EDTA, 0.1% NP40, 0.5 mM sodium orthovanadate, 0.5 mM NaF, pH 7,5) and cell 

lysates were separated in 4-12% Bis-Tris gels (Invitrogen). After gel electrophoresis, proteins 

were transferred onto PVDF membranes and probed with AU-1 antibody (Covance, MMS-130P). 

Subsequently, blots were probed with anti-mouse or anti-rabbit IRDye Odyssey antibodies (926-

32210, 926-32221) and proteins detected using a LI-COR Odyssey scanner. For internal controls, 

blots were incubated with antibodies specific for eGFP (290-50, Abcam) and β-actin (8227-50, 

Abcam). 

Tetherin antagonism in HEK293 cells. To determine the capability of Vpu to antagonize 

tetherin, 293T cells were seeded in six-well plates and transfected with 2 µg of NL4-3 ΔVpu IRES 
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eGFP, 500 ng Vpu expression plasmid and different dilutions of tetherin expression plasmid. A 

pCGCG vector expressing eGFP only was used to equalize the DNA concentrations. At two days 

post-transfection supernatants were harvested and the yield of infectious HIV-1 was determined 

by a 96-well infection assay on TZM-bl indicator cells as described previously (49). 

Inhibition of NF-kB activity. To determine the effect of Vpu on NF-κB activity, HEK293T cells in 

96-well format were co-transfected in triplicates with 0.1 µg firefly luciferase reporter construct 

under the control of three NF-κB binding sites, 0.025 µg Gaussia luciferase construct under the 

control of a minimal pTAL promoter for normalization, and 0.04 µg expression vectors for a 

mutant of IKKβ containing two phosphomimetic changes (S177E, S181E) in the activation loop 

that render the expressed protein constitutively active or increasing concentration of tetherin, as 

well as 0.025 µg pCGCG eGFP/Vpu. Dual luciferase assays were performed 48 h post-

transfection and the firefly luciferase signals were normalized to the internal Gaussia luciferase 

control as described (19). 

Viral replication in CD4+ T cells. To assess the contribution of tetherin antagonism to the IFN 

resistance of full-length IMCs, we generated virus stocks of wildtype, Tmut and vpu- IMCs by 

transfection of 293T cells. CD4+ T-cells were positively selected (Miltenyi Biotec) from buffy coats 

of 3 healthy donors (Research blood components). Cells were activated by anti- CD2/CD3/CD28 

beads (Miltenyi Biotec) and cultured in cell culture media (RPMI 15% FBS, 1X PSG + IL-2 (30 

U/ml)) for 4 days at 37 oC and 5% CO2. Cells were pooled and either treated with 500 U/ml of 

IFNα2 (PBL Assay Science) or left untreated. Cells were infected with normalized amounts of 

virus in small volumes (250 µl) overnight (12-15 h). Cells were washed with PBS (3x) and 

resuspended in cell culture media. Every 48 hours, supernatants were sampled for cell- free p24 

measurements, and media (-/+ IFN) was added back. To quantify cell- associated p24, we 

harvested cells at days 7 and 9 and resuspended cells in lysis buffer. Cell-free and cell-

associated p24 antigen levels were quantified using the commercially available p24 AlphaLisa 
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(Perkin Elmer). Each virus was tested in duplicate per experiment and experiments were 

repeated twice in two separate pools of CD4+ T-cells. 

Virion infectivity. 8.300 TZM-bl cells were seeded per well in a 96-well plate. At a confluence of 

~ 40%, the cells were infected with 100 µl of cell-free supernatant of infected CD4+ T cells 

obtained 7 days post-infection in the presence of DEAE-dextran (final 40ug/ml). 48 hours later, 

the cells were lysed (Promega E153A), lysates were frozen at -80 oC for 2 hours and relative light 

units (RLU) were determined using the luciferase assay system (Promega). The RLUs obtained 

were normalized to the capsid antigen p24 levels to obtain RLUs per pg p24 capsid antigen. Each 

measurement was performed in duplicate. 

Ethics statement. Ethical approval for the utilization of human-derived cells was obtained from 

the Ethics Committee of Ulm University Medical Center.  

Statistical analysis. Statistical calculations were performed using two-tailed unpaired (for 

comparison of different groups) or paired Student’s-t-tests using Graph Pad Prism Version 5.0. 

 

 

 

 

 

 

 

 



	
	

153	

Section 3.7 – Funding Information and Chapter Acknowledgments 

 

This work was supported by the Deutsche Forschungsgemeinschaft, European FP7 “HIT 

HIDDEN HIV” (305762), an ERC advanced grant to FK, a training grant (T32 AI007632) to SI and 

grants from National Institutes of Health to BHH (R01 AI 114266, R01 AI 111789, and P30 AI 

045008). 

 

 

ACKNOWLEDGMENTS 

We thank Daniela Krnavek, Kerstin Regensburger and Martha Mayer for excellent technical 

assistance.   



	
	

154	

Section 3.8 – Chapter References  

 

1. Sharp PM, Hahn BH. 2011. Origins of HIV and the AIDS pandemic. Cold Spring Harb 
Perspect Med 1:a006841. 

2. Mourez T, Simon F, Plantier JC. 2013. Non-M variants of human immunodeficiency virus 
type 1. Clin Microbiol Rev 26:448-461. 

3. Delaugerre C, De Oliveira F, Lascoux-Combe C, Plantier JC, Simon F. 2011. HIV-1 
group N: travelling beyond Cameroon. Lancet 378:1894. 

4. Vallari A, Holzmayer V, Harris B, Yamaguchi J, Ngansop C, Makamche F, Mbanya D, 
Kaptué L, Ndembi N, Gürtler L, Devare S, Brennan CA. 2011. Confirmation of putative 
HIV-1 group P in Cameroon. J Virol 85:1403-1407. 

5. Sauter D, Schindler M, Specht A, Landford WN, Münch J, Kim KA, Votteler J, Schubert 
U, Bibollet-Ruche F, Keele BF, Takehisa J, Ogando Y, Ochsenbauer C, Kappes JC, 
Ayouba A, Peeters M, Learn GH, Shaw G, Sharp PM, Bieniasz P, Hahn BH, 
Hatziioannou T, Kirchhoff F. 2009. Tetherin-driven adaptation of Vpu and Nef function and 
the evolution of pandemic and nonpandemic HIV-1 strains. Cell Host Microbe 6:409-421. 

6. Neil SJ, Zang T, Bieniasz PD. 2008. Tetherin inhibits retrovirus release and is antagonized 
by HIV-1 Vpu. Nature 451:425-430. 

7. Van Damme N, Goff D, Katsura C, Jorgenson RL, Mitchell R, Johnson MC, Stephens 
EB, Guatelli J. 2008. The interferon-induced protein BST-2 restricts HIV-1 release and is 
 downregulated from the cell surface by the viral Vpu protein. Cell Host Microbe 3:245-
252. 

8. Jia B, Serra-Moreno R, Neidermyer W, Rahmberg A, Mackey J, Fofana IB, Johnson 
WE, Westmoreland S, Evans DT. 2009. Species-specific activity of SIV Nef and HIV-1 Vpu 
in overcoming restriction by tetherin/BST2. PLoS Pathog 5:e1000429. 

9. Zhang F, Wilson SJ, Landford WC, Virgen B, Gregory D, Johnson MC, Munch J, 
Kirchhoff F, Bieniasz PD, Hatziioannou T. 2009. Nef proteins from simian 
immunodeficiency viruses are tetherin antagonists. Cell Host Microbe 6:54-67. 

10. Gupta RK, Towers GJ. 2009. A tail of Tetherin: how pandemic HIV-1 conquered the world. 
Cell Host Microbe 6:393-395. 

11. Sauter D, Specht A, Kirchhoff F. 2010. Tetherin: holding on and letting go. Cell 141:392-
398. 

12. Sauter D, Unterweger D, Vogl M, Usmani SM, Heigele A, Kluge SF, Hermkes E, Moll M, 
Barker E, Peeters M, Learn GH, Bibollet-Ruche F, Fritz JV, Fackler OT, Hahn BH, 
Kirchhoff F. 2012. Human tetherin exerts strong selection pressure on the HIV-1 group N 
Vpu protein. PLoS Pathog 8:e1003093. 

13. Kluge SF, Mack K, Iyer SS, Pujol FM, Heigele A, Learn GH, Usmani SM, Sauter D, Joas 
S, Hotter D, Bibollet-Ruche F, Plenderleith LJ, Peeters M, Geyer M, Sharp PM, Fackler 
OT, Hahn BH, Kirchhoff F. 2014. Nef proteins of epidemic HIV-1 group O strains 
antagonize human tetherin. Cell Host Microbe 16:639-650. 

14. Sauter D, Hué S, Petit SJ, Plantier JC, Towers GJ, Kirchhoff F, Gupta RK. 2011. HIV-1 
Group P is unable to antagonize human tetherin by Vpu, Env or Nef. Retrovirology 8:103. 

15. Yang SJ, Lopez LA, Exline CM, Haworth KG, Cannon PM. 2011. Lack of adaptation to 



	
	

155	

human tetherin in HIV-1 group O and P. Retrovirology 8:78. 
16. Lim ES, Malik HS, Emerman M. 2010. Ancient adaptive evolution of tetherin shaped the 

functions of Vpu and Nef in human immunodeficiency virus and primate lentiviruses. J Virol 
84:7124-7134. 

17. Skasko M, Wang Y, Tian Y, Tokarev A, Munguia J, Ruiz A, Stephens EB, Opella SJ, 
Guatelli J. 2012. HIV-1 Vpu protein antagonizes innate restriction factor BST-2 via lipid-
embedded helix-helix interactions. J Biol Chem 287:58-67. 

18. Vigan R, Neil SJ. 2011. Separable determinants of subcellular localization and interaction 
account for the inability of group O HIV-1 Vpu to counteract tetherin. J Virol 85:9737-9748. 

19. Sauter D, Hotter D, Van Driessche B, Stürzel CM, Kluge SF, Wildum S, Yu H, Baumann 
B, Wirth T, Plantier JC, Leoz M, Hahn BH, Van Lint C, Kirchhoff F. 2015. Differential 
regulation of NF-κB-mediated proviral and antiviral host gene expression by primate lentiviral 
Nef and Vpu proteins. Cell Rep 10:586-599. 

20. Shah AH, Sowrirajan B, Davis ZB, Ward JP, Campbell EM, Planelles V, Barker E. 2010. 
Degranulation of natural killer cells following interaction with HIV-1-infected cells is hindered 
by downmodulation of NTB-A by Vpu. Cell Host Microbe 8:397-409. 

21. Moll M, Andersson SK, Smed-Sörensen A, Sandberg JK. 2010. Inhibition of lipid antigen 
presentation in dendritic cells by HIV-1 Vpu interference with CD1d recycling from 
endosomal compartments. Blood 116:1876-1884. 

22. Neil SJ, Sandrin V, Sundquist WI, Bieniasz PD. 2007. An interferon-alpha-induced 
tethering mechanism inhibits HIV-1 and Ebola virus particle release but is counteracted by 
the HIV-1 Vpu protein. Cell Host Microbe 2:193-203. 

23. Sato K, Misawa N, Fukuhara M, Iwami S, An DS, Ito M, Koyanagi Y. 2012. Vpu augments 
the initial burst phase of HIV-1 propagation and downregulates BST2 and CD4 in humanized 
mice. J Virol 86:5000-5013. 

24. Dave VP, Hajjar F, Dieng MM, Haddad É, Cohen É. 2013. Efficient BST2 antagonism by 
Vpu is critical for early HIV-1 dissemination in humanized mice. Retrovirology 10:128. 

25. Ochsenbauer C, Edmonds TG, Ding H, Keele BF, Decker J, Salazar MG, Salazar-
Gonzalez JF, Shattock R, Haynes BF, Shaw GM, Hahn BH, Kappes JC. 2012. 
Generation of transmitted/founder HIV-1 infectious molecular clones and characterization of 
their replication capacity in CD4 T lymphocytes and monocyte-derived macrophages. J Virol 
86:2715-2728. 

26. Bodelle P, Vallari A, Coffey R, McArthur CP, Beyeme M, Devare SG, Schochetman G, 
Brennan CA. 2004. Identification and genomic sequence of an HIV type 1 group N isolate 
from Cameroon. AIDS Res Hum Retroviruses 20:902-908. 

27. Galão RP, Le Tortorec A, Pickering S, Kueck T, Neil SJ. 2012. Innate sensing of HIV-1 
assembly by Tetherin induces NFκB-dependent proinflammatory responses. Cell Host 
Microbe 12:633-644. 

28. Pickering S, Hué S, Kim EY, Reddy S, Wolinsky SM, Neil SJ. 2014. Preservation of 
tetherin and CD4 counter-activities in circulating Vpu alleles despite extensive sequence 
variation within HIV-1 infected individuals. PLoS Pathog 10:e1003895. 

29. Wildum S, Schindler M, Münch J, Kirchhoff F. 2006. Contribution of Vpu, Env, and Nef to 
CD4 down-modulation and resistance of human immunodeficiency virus type 1-infected T 
cells to superinfection. J Virol 80:8047-8059. 

30. Mehandru S, Poles MA, Tenner-Racz K, Horowitz A, Hurley A, Hogan C, Boden D, Racz 
P, Markowitz M. 2004. Primary HIV-1 infection is associated with preferential depletion of 



	
	

156	

CD4+ T lymphocytes from effector sites in the gastrointestinal tract. J Exp Med 200:761-770. 
31. Fenton-May AE, Dibben O, Emmerich T, Ding H, Pfafferott K, Aasa-Chapman MM, 

Pellegrino P, Williams I, Cohen MS, Gao F, Shaw GM, Hahn BH, Ochsenbauer C, 
Kappes JC, Borrow P. 2013. Relative resistance of HIV-1 founder viruses to control by 
interferon-alpha. Retrovirology 10:146. 

32. Parrish NF, Gao F, Li H, Giorgi EE, Barbian HJ, Parrish EH, Zajic L, Iyer SS, Decker JM, 
Kumar A, Hora B, Berg A, Cai F, Hopper J, Denny TN, Ding H, Ochsenbauer C, Kappes 
JC, Galimidi RP, West AP, Bjorkman PJ, Wilen CB, Doms RW, O'Brien M, Bhardwaj N, 
Borrow P, Haynes BF, Muldoon M, Theiler JP, Korber B, Shaw GM, Hahn BH. 2013. 
Phenotypic properties of transmitted founder HIV-1. Proc Natl Acad Sci U S A 110:6626-
6633. 

33. Jafari M, Guatelli J, Lewinski MK. 2014. Activities of transmitted/founder and chronic clade 
B HIV-1 Vpu and a C-terminal polymorphism specifically affecting virion release. J Virol 
88:5062-5078. 

34. Mlcochova P, Apolonia L, Kluge SF, Sridharan A, Kirchhoff F, Malim MH, Sauter D, 
Gupta RK. 2015. Immune evasion activities of accessory proteins Vpu, Nef and Vif are 
conserved in acute and chronic HIV-1 infection. Virology 482:72-78. 

35. Ross TM, Oran AE, Cullen BR. 1999. Inhibition of HIV-1 progeny virion release by cell-
surface CD4 is relieved by expression of the viral Nef protein. Curr Biol 9:613-621. 

36. Argañaraz ER, Schindler M, Kirchhoff F, Cortes MJ, Lama J. 2003. Enhanced CD4 
down-modulation by late stage HIV-1 nef alleles is associated with increased Env 
incorporation and viral replication. J Biol Chem 278:33912-33919. 

37. Levesque K, Zhao YS, Cohen EA. 2003. Vpu exerts a positive effect on HIV-1 infectivity by 
down-modulating CD4 receptor molecules at the surface of HIV-1-producing cells. J Biol 
Chem 278:28346-28353. 

38. Li M, Ablan SD, Miao C, Zheng YM, Fuller MS, Rennert PD, Maury W, Johnson MC, 
Freed EO, Liu SL. 2014. TIM-family proteins inhibit HIV-1 release. Proc Natl Acad Sci U S A 
111:E3699-3707. 

39. Barreto-de-Souza V, Arakelyan A, Margolis L, Vanpouille C. 2014. HIV-1 vaginal 
transmission: cell-free or cell-associated virus? Am J Reprod Immunol 71:589-599. 

40. Sagar M. 2014. Origin of the transmitted virus in HIV infection: infected cells versus cell-free 
virus. J Infect Dis 210 Suppl 3:S667-673. 

41. Butler DM, Smith DM, Cachay ER, Hightower GK, Nugent CT, Richman DD, Little SJ. 
2008. Herpes simplex virus 2 serostatus and viral loads of HIV-1 in blood and semen as risk 
factors for HIV transmission among men who have sex with men. AIDS 22:1667-1671. 

42. Rousseau CM, Nduati RW, Richardson BA, John-Stewart GC, Mbori-Ngacha DA, 
Kreiss JK, Overbaugh J. 2004. Association of levels of HIV-1-infected breast milk cells and 
risk of mother-to-child transmission. J Infect Dis 190:1880-1888. 

43. Stürmer M, Doerr HW, Berger A, Gute P. 2008. Is transmission of HIV-1 in non-viraemic 
serodiscordant couples possible? Antivir Ther 13:729-732. 

44. Roques P, Robertson DL, Souquière S, Apetrei C, Nerrienet E, Barré-Sinoussi F, Müller-
Trutwin M, Simon F. 2004. Phylogenetic characteristics of three new HIV-1 N strains 
and implications for the origin of group N. AIDS 18:1371-1381. 

45. Simon F, Mauclère P, Roques P, Loussert-Ajaka I, Müller-Trutwin MC, et al. 1998. 
Identification of a new human immunodeficiency virus type 1 distinct from group M and 
group O. Nat Med 4: 1032–1037. 



	
	

157	

46. Yamaguchi J, McArthur CP, Vallari A, Coffey R, Bodelle P, et al. 2006. HIV-1 Group N: 
evidence of ongoing transmission in Cameroon. AIDS Res Hum Retroviruses 22: 453–457. 

47. Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, Rabson A, Martin MA. 1986. 
Production of acquired immunodeficiency syndrome-associated retrovirus in human and 
nonhuman cells transfected with an infectious molecular clone. J Virol 59:284-291. 

48. Schindler M, Münch J, Kutsch O, Li H, Santiago ML, Bibollet-Ruche F, Müller-Trutwin 
MC, Novembre FJ, Peeters M, Courgnaud V, Bailes E, Roques P, Sodora DL, Silvestri 
G, Sharp PM, Hahn BH, Kirchhoff F. 2006. Nef-mediated suppression of T cell activation 
was lost in a lentiviral lineage that gave rise to HIV-1. Cell 125:1055-1067. 

49. Münch J, Rajan D, Schindler M, Specht A, Rücker E, Novembre FJ, Nerrienet E, Müller-
Trutwin MC, Peeters M, Hahn BH, Kirchhoff F. 2007. Nef-mediated enhancement of virion 
infectivity and stimulation of viral replication are fundamental properties of primate 
lentiviruses. J Virol 81:13852-13864. 
  



	
	

158	

Section 3.9 – Chapter Tables and Figures  

 

Table 3.1. Infectious molecular clones of HIV-1 analyzed. 

 

Clone Group  Subtype Type Tropism Vpu length    Mutations  

Reference 

HIV-1 NL4-3  M B lab-ad. X4 81aa A14L, A18L (44) 

HIV-1 CH058  M B T/F R5 80aa A14L, A18L (32) 

HIV-1 CH077  M B T/F R5 81aa A15L, A19L (32) 

HIV-1 STCO   M B CC R5 81aa A15L, A19L (32) 

HIV-1 CH0167  M C CC R5 84aa A20L, A24L (32) 

HIV-1 DJO0131  N - n.k. n.k. 74aa A12L, A16L (12) 

n.k., not known 
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FIG 3.1. Mutant Vpus selectively defective in tetherin antagonism. (A) Alignment of Vpu amino 

acid sequences analyzed. The NL4-3 Vpu sequence is shown on top for comparison. Important 

functional domains are indicated and the mutated Ala residues are highlighted in yellow. Dots 

specify amino acid identity and dashes represent gaps introduced to optimize the alignment. (B) 

Downmodulation of human tetherin by wt and mutant Vpu proteins in HEK293T cells 

cotransfected with vectors coexpressing eGFP and Vpu and a construct expressing human 

tetherin. Shown are the levels of tetherin cell surface expression relative to those measured in 

cells transfected with the eGFP only control vector (100%). Shown are mean values (±SEM) 

derived from three experiments. Wt Vpu alleles are color coded in dark colors and mutant Vpus in 

light colors. *, p<0.05; **, p<0.01; ***, p<0.001. (C) Virus release from HEK293T cells following 

transfection with vpu-defective HIV-1 NL4-3, expression constructs for the indicated Vpu proteins 

or eGFP only and varying amounts of plasmid expressing human tetherin. Infectious virus was 

determined by infection of TZM-bl indicator cells and is shown as a percentage of that detected in 

the absence of tetherin (100%). Infections were performed in triplicate and the results were 

confirmed in an independent experiment.  
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FIG 3.2. TMD mutations in Vpu disrupt tetherin downmodulation in HIV-1 infected primary T cells. 

PHA-activated PBMCs were infected with HIV-1 constructs containing wt, TMD mutated or 

grossly defective vpu alleles and examined for tetherin surface expression 3 days later. Panel A 

provides examples of primary data and the panel B the levels of tetherin surface expression in 

cells infected with the wt and Vpu mutant constructs relative to those infected with the vpu-

defective HIV-1 constructs (100%). Each symbol represents the result obtained for one individual 

PBMC donor investigated. The numbers in panel A give the mean fluorescence intensity (MFI) of 

tetherin expression in the HIV-1 infected (p24+) cell population. ∗∗∗ indicates that wt Vpus are 

significantly (p < 0.001) more active than the TMD mutant Vpus.   
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FIG 3.3. Effect of alterations in vpu on HIV-1 yield and release in CD4+ T cells in the presence or 

absence of IFNα. (A) p24 antigen levels in the supernatant of CD4+ T cells at day 7 post-infection 

with HIV-1 IMCs expressing wt (+), Tmut (m) or no (-) Vpu proteins. Virus yield was determined 

after triplicate HIV-1 infection in the absence (left) and presence (right) of 500 U/ml IFN-α. (B) 

Reduction of cell-free p24 antigen yield by IFN-α treatment. For calculation of n-fold reduction, 

the levels of p24 antigen obtained in the absence of IFN were divided by those obtained in the 

presence of IFN-α. (C) Enhancement of p24 release by wt and Tmut Vpu proteins in the absence 

or presence (shaded) of exogenous IFN-α. Data were derived from the experiment shown in 

panel A. Shown are the levels of cell-free p24 antigen relative to the cultures infected with the 

respective vpu-defective HIV-1 IMCs (100%, indicated by the dashed line). (D) Cell-free, cell-

associated and total p24 yield in CD4+ T cells infected with HIV-1 NL4-3, CH058-TF, CH077-TF 

and CH167 IMCs containing wt, mutant or grossly defective vpu genes. The average values 

obtained for the respective wt IMCs were set to 100%. (E) Efficiency of p24 release in CD4+ T 

cells infected with the indicated HIV-1 IMCs. Values present percentages of cell-free p24 antigen 

out of the total p24 detected in the absence and presence (shaded) of IFN-α. Cell-free and cell-

associated p24 antigen were quantified by ELISA at day 7 post-infection. (F). Effect of TMD 

mutations in Vpu or entire lack of Vpu function on the efficiency of virion release. Values obtained 

for all four IMCs analyzed are shown relative to the respective wt viruses (100%).  
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FIG 3.4. Replication of wt and vpu mutant HIV-1 constructs in CD4+ T cells in the presence and 

absence of IFN-α. (A) Replication kinetics of HIV-1 IMCs expressing wt, TMD mutant or no Vpu 

proteins in CD4+ T cells in the absence (black lines) and presence (blue lines) of 500 U/ml IFNα. 

Results show median values of p24 antigen production (n=3) from two different donors. (B) 

Cumulative p24 antigen levels in the absence (left) and presence (right) of IFN-α measured at 1, 

3, 5, 7 and 9 days post-infection. Panels B, C and D show the results obtained from two different 

blood donors. (C) Reduction of cumulative cell-free p24 antigen yield by IFN-α treatment. (D) 

Enhancement of cumulative p24 yield by wt and Tmut Vpu proteins in the absence or presence 

(shaded) of exogenous IFN-α. Data were derived from the experiment shown in panel A. Values 

present total cell-free virus yield relative to the respective vpu-defective HIV-1 IMC (100%). (E) 

Ranking of wt and vpu mutant or defective HIV-1 IMCs according to their efficiency in cell-free 
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p24 production. The levels achieved for the most potent IMC were set to 100%. Shown are 

median values of p24 antigen production (±SEM, n=3).  
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FIG 3.5. Release of wt and vpu mutant HIV-1 constructs in CD4+ T cells in the presence and 

absence of IFN-α. (A) Values present percentages of cell-free p24 antigen out of the total p24 

detected in the presence and absence of IFN-α. Triplicate infections of T cells derived from three 

PBMC donors are shown. Cell-free and cell-associated p24 antigen was quantified by ELISA at 

day 5 post-infection. (B) Efficiency of TF and CC virus release in CD4+ T cells infected with the 

indicated HIV-1 IMCs. Values present percentages of cell-free p24 antigen out of the total p24 

detected in the absence and presence (shaded) of IFN-α. (C) Ranking of wt and vpu mutant or 

defective HIV-1 IMCs according to their release efficiency. The levels achieved by the most 

potent IMCs were set to 100%. Shown are median values of release efficacy (±SEM, n=3). (D) 

Correlation between the virus release efficiencies measured in the absence and presence of IFN-

a. (E, F) Correlation between the virus release efficiencies (values derived from panel C) and p24 

antigen yield (values derived from Fig. 3.4E) in the absence (E) and presence (F) of IFN-a.  
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Section 3.10 Chapter supplemental material 

 

 

SUPPLEMENTAL MATERIAL 

FIG S3.1. Expression and tetherin, CD4, NTB-A and CD1a downmodulation activities of TMD 

mutant Vpu proteins. 

FIG S3.2. Inhibition of NF-κB activation by wt and Tmut Vpu proteins. 

FIG S3.3. Downmodulation of CD4 in PBMCs infected with HIV-1 IMCs differing in their vpu 

coding sequences. 

FIG S3.4. Effect of alterations in vpu on cell-associated and total HIV-1 yield in the presence and 

absence of IFNα. 

FIG S3.5. Effect of alterations in vpu on cumulative cell-associated and total p24 production in the 

presence and absence of IFNα. 

FIG S3.6. Differences in virion release efficacy are highly reproducible. 

FIG S3.7. Infectivity of HIV-1 IMCs produced in CD4+ T cells   
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Supplemental Figures 

  

 

FIG S3.1. Expression and tetherin, CD4, NTB-A and CD1a downmodulation activities of TMD 
mutant Vpu proteins. (A) HEK293T cells were transfected with plasmids encoding the indicated 
AU1-tagged Vpus and analyzed by Western blot. An empty vector and mock transfected cells 
were used as negative controls. The vpu alleles were not codon-optimized. (B) FACS analysis of 
HEK293T cells cotransfected with tetherin or CD4 expression vectors and pCG plasmids 
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expressing eGFP alone (lanes 2 and 3) or together with the indicated vpu allele. The mean 
fluorescence intensities (MFIs) are indicated. (C-E) Vpu-dependent reduction of (C) CD4, (D) 
NTB-A and (E) CD1d and surface expression in HEK293T cells. Shown are the levels of receptor 
cell surface expression relative to those measured in cells transfected with the eGFP control 
vector. Shown are mean values (±SEM) derived from three experiments. Wt vpu alleles are 
indicated by dark and Tmut Vpu by light colors. 

 

 

 

 

FIG S3.2. Inhibition of NF-κB activation by wt and Tmut Vpu proteins. (A) HEK293T cells were 

cotransfected with the indicated vpu alleles, a firefly luciferase reporter construct under the 

control of three NF-kB binding sites, a Gaussia luciferase construct for normalization, and 

expression vectors for a constitutively active mutant of IKKb as inducer of NF-κB. Luciferase 

activities were determined 48 h post-transfection. Shown are mean values (±SEM) derived from 3 

experiments. (B) HEK293T cells were transfected as described in panel A, except that different 

quantities of tetherin expression vectors were used to induce NF-κB activation.  
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FIG S3.3. Downmodulation of CD4 in PBMCs infected with HIV-1 IMCs differing in their vpu 

coding sequences. PHA-activated PBMCs were transduced with the indicated VSV-G 

pseudotyped HIV-1 IMCs and examined for CD4 surface expression 3 days later. Panel A shows 

examples of primary FACS data. Numbers give mean fluorescence intensities (MFI) of CD4 

expression in the HIV-1 infected (p24+) cell population. Panel B shows the levels of surface 

expression in virally infected (p24+) cells relative to uninfected cells (100%). Each symbol 

provides the result obtained for one individual PBMC donor. 
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FIG S3.4. Effect of alterations in vpu on cell-associated and total HIV-1 yield in the presence and 

absence of IFNα. (A) Cell-associated and (B) total p24 antigen levels in CD4+ T cells at day 7 

post-infection with HIV-1 IMCs expressing wt (+), Tmut (m) or no (-) Vpu proteins. P24 levels 

were determined by ELISA after triplicate HIV-1 infection in the absence (left) and presence 

(right) of 500 U/ml IFN-α. (C, D) Enhancement of (C) cell-associated and (D) total p24 antigen 

levels by wt and Tmut Vpu proteins in the absence or presence (shaded) of exogenous IFN-α. 

Data were derived from the experiment shown in panels A and B. Shown are the levels of cell-

associated and total p24 antigen relative to the cultures infected with the respective vpu-defective 

HIV-1 IMCs (100%, indicated by the dashed line.  
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FIG S3.5. Effect of alterations in vpu on cumulative cell-associated and total p24 production in the 

presence and absence of IFNα. (A) Cumulative cell-associated and (B) total p24 antigen levels in 

CD4+ T cells at 5, 7 and 9 days post-infection with HIV-1 IMCs expressing wt (+), Tmut (m) or no 

(-) Vpu proteins. P24 levels were determined by ELISA in the absence (left) and presence (right) 

of 500 U/ml IFN-α. 

  



	
	

171	

 

 

 

FIG S3.6. Differences in virion release efficacy are highly reproducible. Correlation between the 

release efficiencies at day 7 post-infection in the experiment shown in Fig. 3.3E and average 

values obtained at 5, 7 and 9 days post-infection in an independent experiment (Fig. 3.5A) in the 

absence (left) and presence (right) of IFN-a treatment. 
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FIG S3.7. Infectivity of HIV-1 IMCs produced in infected CD4+ T cells. (A) Infectivity of HIV-1 

IMCs expressing wt, Tmut or no (-) Vpu proteins obtained from infected CD4+ T cells at  day 7 

post-infection. Values represent averages of duplicate infection and were obtained in the absence 

of IFN-α treatment. (B) Infectivity of the HIV-1 IMCs shown in panel A grouped based on their vpu 

coding sequences. Shown are minimum and maximum values, 25% and 75% percentiles, and 

median values. 
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Section 4.1 

 

Mucosal HIV-1 transmission and resistance to type I Interferons 

 

 

Mucosal transmission of HIV-1 is characterized by a stringent bottleneck where ~80% of 

infections are founded by a single variant (1-4). This finding coupled with the observation that 

more ancestral viral genomes are preferentially transmitted, led to the hypothesis that mucosal 

infection selects for viruses with increased fitness (5-8). However, the determinants of this viral 

fitness have not been identified.  

 

To determine biological properties of transmitted founder (TF) viruses, it is important to 

have full-length replication competent viruses and a good set of controls. The inference of the TF 

sequence is generally straight forward (1, 3, 9-12), however the selection of the chronic viruses 

for comparision is not (13-15). Parrish and colleagues identified clusters of near identical 

sequences in chronically infected individuals (rakes) and constructed infectious molecular clones 

(IMCs) matching the consensus sequences of these rakes(16). This approach makes the 

reasonable assumption that common ancestors of each rake represents a replication-competent 

and therefore biologically relevant virus. In two subsequent studies using transmission pairs (17, 

18), the authors also constructed IMCs, but picked random viral genomes from chronically 

infected individuals to compare to TF IMCs. With this method, there is no evidence of the in-vivo 

functionality and relevance of the chronic control viruses (19).  
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In the pursuit of transmitted phenotypes, transmission pairs are ideal, as they enable the 

direct comparison of the TF virus to the quasispecies that it was derived from. These 

comparisons are thus controlled for virological and host factors with the caveat that sampling at 

the time of transmission is not feasible and hence a temporal gap exists between transmission 

and the availability of samples for study. The next consideration is how to represent the genetic 

and therefore, biological diversity of the viruses infecting a chronic donor. Previous studies have 

compared a limited number (1-2) of chronic viruses to the matched TF in many assays (17, 18). 

Under these conditions, limited sampling can cause inaccurate or incomplete results. The ideal 

study would assemble panels of multiple chronic viruses to compare to each TF virus.  

 

To this end, in chapter 2, I compared the biological properties of 300 viruses from donors 

and recipients of mucosal transmission pairs. Subjects with stringent mucosal bottlenecks 

characterized by the transmission of a single (7 out of 8) or two (1 out of 8) variants were 

selected. In all but one pair, the acutely infected recipient was identified first and the donor was 

identified and enrolled retrospectively. In the last pair, the donor transmitted to two recipients, and 

the second recipient was sampled shortly after the donor (median time between the donor and 

recipient samples was 65 days). The selected transmission pairs represented different routes of 

transmission (male to female, MTF; female to male, FTM; and men who have sex with men, 

MSM) and both, subtype B and C infections.  

 

The construction of IMCs is time-consuming and expensive, and requires the authors to 

choose a method to generate chronic controls. To derive viruses while avoiding these concerns, I 

generated virus isolates by limiting-dilution of donor and recipient plasma. Isolates generated by 

this method are derived from a single viral variant and in addition, I was able to generate similar 
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viral isolates from genital secretion samples of 3 donors. This study is the first to characterize the 

biology of full-length viruses from the genital compartment.  

 

In my analysis, I found that recipient viruses had comparable levels of envelope 

glycoprotein, yet were more infectious, replicated to higher titers in primary cells, were released 

more efficiently from infected cells and displayed enhanced resistance to the antiviral effects of 

IFNα2 and IFNβ when compared to donor plasma viruses. In addition, recipient viruses replicated 

more efficiently in the presence of maximal doses of IFNα2 and IFNβ than donor plasma viruses. 

Interestingly, donor genital tract viruses were more infectious and were more resistant to IFNα2 

than donor plasma viruses. Thus there were biological differences in plasma and genital tract 

viruses, despite the lack of compartmentalization of the viral sequences. I reasoned that 

chronically infected donors must harbor IFN resistant viruses so as to transmit them to the 

matched recipients. To identify these viruses, and in part re-create hurdles observed in-vivo, I 

pre-treated CD4+ T-cells with IFNα2 and IFNβ prior to generating chronic donor plasma isolates. 

I found that IFN b selected isolates, and not IFNα2 selected ones were phenotypically similar to 

recipient viruses.  Thus transmitted viruses are phenotypically distinct, and resistance to type I 

IFNs is their most characteristic property and these findings are summarized in Fig 1 (modified 

from (20)).  
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Figure 4.1 Model of the HIV-1 mucosal bottleneck. Mucosal transmission of HIV-1 is associated 

with a stringent genetic bottleneck, where only one or very few variants from the donor 

quasispeces found infection in the new recipient. Viruses with enhanced particle infectivity, 

replicative capacity, IFNα and IFNβ resistance and release are selected for during mucosal 

transmission.   

 

In contrast to results from Parrish and colleagues, I did not find all recipient viruses to 

incorporate more Env than matched donor viruses and hence this property is not a generalizable 

feature of TFs. However, in 3 out of 8 pairs, recipient viruses did contain more Env. This suggests 

that under certain circumstances, variants with increased Env content have an advantage at 

transmission. Increased levels of Env could cause more stable attachment to target cells(21), or 

make up for loss due to shedding or overcome inactivation by genital secretions (22, 23). I 

observed that recipient viruses replicated more efficiently than matched donor viruses, suggesting 

that interventions that reduce the reproductive ratio (R0) by even a modest degree could impact 

early steps following transmission (24). The observation that recipient viruses are released more 

efficiently from infected cells is intriguing. Differences between donor and recipient viruses at 

multiple stages of the viral life cycle can contribute to the observed result. There could be a 

difference in the number of infected cells, which would determine the initial foci of infection. In 

addition, each infected cell could produce different numbers of viral particles (burst sizes), 

resulting in differences in both particle accumulation and subsequent rounds of infection (25-28). 

Modest differences in either or both of these could impact in-vivo outcomes substantially, 

especially given the exponential replication in the acute phase of infection (29-33).  

 

Previous studies suggest that the TF is a minor variant in the chronic quasispecies (34), 

and our results in Chapter 2, show that TF viruses are phenotypically distinct. It will thus be 
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important to understand the basis for these differences. A large amount of sequence information 

was generated in this study, and it will be interesting to attempt to identify signatures that 

associate with IFN resistance and other biological properties. Signature analysis for HIV-1 is 

complicated and requires a large number of sequences (35, 36), however, analysis by 

transmission pair could reduce inter-person variability.  

 Consistent with the cytokine storm observed during acute HIV-1 infection (32), transmitted 

viruses were more resistant to IFNα2 and IFNβ. In the earliest stages of viral infection, elevations 

in the levels of these antiviral cytokines can extinguish foci of IFN sensitive viruses (37)(Estes 

personal communication). Under these conditions, the residual viral replication at the maximal 

IFN dose is particularly telling, where recipient viruses are able to replicate, while donor viruses 

cannot. The ability to isolate IFN selected viruses suggest that IFN resistant viruses are 

maintained during chronic infection. Mutations associated with the loss of IFN resistance arise in 

part, due to the escape from neutralizing antibody (38) and cytotoxic T-lymphocyte pressure (SI 

unpublished). Given this, it is important to identify the reason for the maintenance of these IFN 

resistant viruses. It is possible that these viruses are present in the latent reservoir, and thus 

shielded from adaptive immune pressure. A recent study showed that the latent reservoir is 

seeded very early in infection (39, 40) and might be continually re-seeded during the course of 

infection and the genetic diversity we observed among IFN selected viruses would support the 

latter. Current HIV cure efforts aim to combine IFN therapy with broadly neutralizing antibodies 

(bNAbs) (41) after the activation of viruses from latency, to block subsequent infection and reduce 

the size of the latent reservoir (42). Hence, it would be very important to determine the level of 

pre-existing IFN resistance in the latent reservoir. 

 

In our previous study (43) we observed a difference between TF viruses from subtypes B 

and C. While TF HIV-1 from subtype B were ~60-fold more resistant to IFNα2 than chronic 



	
	

180	

viruses, subtype C TFs were comparable to subtype-matched chronic controls, with chronic 

viruses displaying unexpectedly high levels of IFN resistance. This raised the possibility that there 

might be differences between virus subtypes or differences between the cohorts studied. 

However, in chapter 2, I did not find a difference between subtype B and C transmission pairs, 

and hence the previously observed difference is likely patient-specific. It is possible that the 

chronically infected individuals studied by Parrish and colleagues were late in their disease 

course allowing for the reacquisition of IFN resistance (44, 45). In fact, our unpublished results 

support this hypothesis, with 4 longitudinally followed individuals displaying the expected rapid 

loss of IFN resistance within the first year of infection (37)(own unpublished observations), 

followed by the reacquisition of IFN resistance ~3 years following infection (Gondim and Hahn, 

unpublished observations). Thus, these data would suggest that IFN resistance is dynamic over 

the course of infection, and that the acute phase and late stage of infection are highly 

transmissible with high viral loads (46-49) and IFN resistant viruses.  

 

Many of our observations were consistent for both IFNα2 and IFNβ, yet I also observed 

differences in the antiviral potencies of the two IFN subtypes tested. Despite signaling through the 

same receptor (50), IFNα2 and IFNβ are reported to have varied downstream effects (51-54), 

consistent with what I observed in this study. I hypothesized that the two IFN subtypes would 

induce the expression of different sets of interferon stimulated genes, therefore leading to the 

different downstream outcomes. To test this, I performed a microarray experiment where I treated 

CD4+ T cells with both IFN subtypes for 24 hours and used untreated cells as a control. To my 

surprise, I did not find large differences in the numbers and nature of induced transcripts. In fact, 

only 15 genes were differentially induced (> 1.5-fold) by the two IFN subtypes. There are a few 

potential explanations for these observations. It is possible that the differences between the IFN 

subtypes are not visible at the level of RNA transcripts, but are due to differences in protein 

expression or RNA stability. However, our preliminary data suggests that protein levels of an ISG, 
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protein kinase R, are comparable across IFN subtypes (Persephone Borrow, personal 

communication). While this might not be generalizable for all ISGs, it suggests that other 

mechanisms must exist to account for the different downstream effects of interferon receptor 

(IFNAR) binding. One possibility is the modification of proteins by ubiquitylation or ISGylation. 

Both of these involve the non-covalent attachment of a small moiety (either ubiquitin or ISG15, 

respectively) to the protein of interest. The consequence of this modification can range from 

degradation to enhanced functionality (55-58). Type I IFNs can induce the expression of non-

coding RNA and therefore by extension, different IFN subtypes might induce distinct non-coding 

RNAs (59-66). Similar to protein modification, non-coding RNAs can have diverse downstream 

effects including impacting the stability of transcripts and efficiency of translation (67)m(68). In 

cases of invading pathogens and the necessity of a prompt immune response, the use of non-

coding RNA and protein modification to alter or enhance existing transcripts and proteins, and to 

subtly direct different responses by different IFN subtypes might be advantageous (66). To 

determine if there are differences in protein modification due to different IFN subtypes, we could 

use mass spectrometry or SILAC and to identify non-coding RNA species differentially modulated 

by IFN subtypes, RNA sequencing (RNAseq) could also be utilized. It is likely that cells respond 

to IFN in a heterogenous manner. This could obscure differences at the DNA, RNA or protein 

level unless analyzed at the level of the responding cell. In order to detect more subtle changes, it 

will be important to differentiate IFN responsive cells and perform downstream analysis on these 

cells to maximize the likelihood of identifying IFN subtype specific effects. 

 

I found that recipient viruses were on average 5-fold more resistant to IFNα2, but ~40-

fold more resistant to IFNβ than donor viruses. Harper and colleagues have quantified the IFN 

subtypes produced after incubating plasmacytoid DC (pDC) with HIV-1 (69). It will be both 

interesting and important to determine if recipient viruses are uniformly resistant to all the 

produced subtypes, and whether there are certain subtypes of IFN to which donor and recipient 



	
	

182	

viruses have equal levels of resistance. If we identify such subtypes, we can identify differentially 

modulated ISGs that are important during transmission. The identification of a set of critical ISGs 

can then be used to assess vaccination strategies that can selectively upregulate them in target 

CD4+ T cells or to define small molecules that interfere with viral counteraction of the ISG (70, 

71). As previously mentioned, type I IFNs, particularly IFNα2 is being evaluated in combination 

with bNAbs for a functional cure for HIV. Our data, consistent with data from Veazey and 

colleagues (72) indicates that IFNβ is more potently antiviral, and that chronic viruses have 

increased sensitivity to IFN b. Thus, it would be important to evaluate IFNβ and possibly, other 

IFN subtypes for their efficacy in reducing the HIV-1 reservoir.  

 

Lastly, it will be useful to determine if the selection of IFN resistant viruses at 

transmission can be recapitulated in the bone marrow liver thymus (BLT) mouse model. This 

humanized mouse model is repopulated with T and B cells, DC and natural killer (NK) cells of 

human origin, and is considered the best mouse model for HIV-1 transmission studies (73). I 

have previously shown that we can infect these mice (n=30) by vaginal routes and reproduce the 

bottleneck, characteristic of mucosal HIV-1 transmission in humans. However, in contrast to 

acutely infected humans, I observed only a modest increase in plasma IFN levels upon infection. 

This might be due to less efficient signaling from the mouse epithelium to recruit human immune 

cells upon contact with virus. I next determined if exogenous administration of IFN would be 

effective. I found that intraperitoneal injection of pegylated IFNα2 resulted in the induction of anti-

HIV-1 ISGs in the vaginal mucosa in a dose-dependent manner. Since I found IFNβ to distinguish 

recipient and donor viruses more strongly, I propose to administer IFNβ to the BLT mice prior to 

an intra-vaginal exposure to a pool of IFN sensitive and resistant viruses. I predict that in mice 

treated with IFNβ, only IFN resistant viruses will be selected for during transmission. Additionally, 

from our previous efforts to identify critical ISGs that impact transmission, we can transduce the 
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cells used to repopulate the BLT mice to over express candidate ISGs. Thus, we can evaluate 

their importance to transmission.  

 

In summary, my works shows that TF viruses are characterized by a set of biological 

properties that distinguish them from non-transmitted chronic viral variants. This argues against 

the stochastic nature of transmission. The most distinguishing property of TF viruses is their 

resistance to IFN. This would imply, that both the mucosal barrier and forces acting on the 

transmitted virus beyond the mucosal barrier in combination, select for the TF virus.  The 

increased resistance to IFN indicates that TF viruses overcome restriction by interferon-

stimulated genes more effectively than chronic non-transmitted viruses. We explored this 

hypothesis in Chapter 3 and the results and future directions are discussed in section 4.2 below. 

 

Section 4.2  

 

Viral accessory proteins and their counteraction of interferon stimulated genes 

 

Continuous interactions with various viral pathogens have shaped the evolution of 

antiviral restriction factors (74, 75). These host factors are induced by Type I IFNs and act to 

inhibit multiple steps of the viral life cycle. Underscoring the importance of these restriction 

factors, are the multiple viral proteins dedicated to their counteraction (75, 76). The interactions 

between host restriction factors and their viral antagonists can influence both within species and 

cross-species transmission events. In fact, it has been suggested that the ability to overcome the 

host protein tetherin was an important factor in the spread of Group M HIV-1 (77).  
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Pandemic group M HIV-1 strains use Vpu to counteract tetherin resulting in efficient 

released from infected cells(78, 79). Multiple studies have shown that the antiviral state 

established by type I IFNs inhibits HIV-1 replication (37, 76, 80-82). Different ISGs have been 

identified with varying anti-HIV-1 potency and it is assumed that the overall viral inhibition is a 

sum of the activities of individual ISGs. However, it has not been determined to what extent each 

of these ISGs contribute to the observed antiviral state. In chapter 3, I showed that mutations in 

critical residues (Tmut) in Vpu critical for tetherin antagonism reduce the production and release 

of virions by approximately 50% in the presence of IFNα2. In addition, Tmut chronic viruses were 

released 3-fold less efficiently than Tmut TF viruses. Consistent with my observations in Chapter 

2, I found that TF viruses were released more efficiently from CD4+ cells than chronic control 

viruses. Intriguingly, this finding was independent of the presence of Vpu, with TF viruses lacking 

Vpu released more efficiently than chronic viruses lacking Vpu. This suggests that other viral 

proteins can influence release independently of the Vpu- tetherin interaction. In this study, I also 

found that a Group N virus was very sensitive to IFNα2, and was released ~30% less efficiently 

than TF viruses in the presence of IFN, comparable to chronic viruses. Interestingly, the Group N 

Vpu promoted viral replication independent of its modest antagonism of tetherin. In the absence 

of IFNα2, Tmut viruses had similar levels of replication and particle release as wildtype viruses, 

and both (wildtype and Tmut) replicated to higher titers than viruses lacking Vpu. This suggests 

that functions of Vpu other than counteracting tetherin, such as the degradation of CD4 or the 

inhibition of NFkB mediated signaling might impact viral replication in primary cells.  

 

The observation that TF viruses are released more efficiently from infected cells deserves 

additional investigation. It is possible that TF viruses combine the ability to infect more target cells 

and higher burst sizes and thus have a higher reproductive ratio (R0) than viruses from chronic 
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infection (83). To specifically dissect this, one would need to determine the number of infected 

cells after a given number of cycles of replication, and then determine the number of infectious 

particles produced per infected cell after the addition of a fusion inhibitor to prevent subsequent 

rounds of infection. It will also be important to determine which viral protein (s) that contribute to 

this phenotype and what role they play. The observation that Vpu- deficient TF strains are 

released more efficiently than Vpu-deficient chronic strains implicates non-Vpu proteins. This 

property might be due to differences in protein function between TF and chronic viruses. 

Alternatively, non-coding regions like transcription factor binding sites, especially the NFkB 

binding sites in the long terminal repeat (LTR) can influence viral replication (84-86). The 

observation that Tmut TF strains are still released more efficiently than Tmut chronic viral strains 

suggest that this is independent of tetherin, but that there are differences in Vpu function between 

TF and chronic viruses. CD4 interacts with newly synthesized viral Env glycoprotein in the 

endoplasmic reticulum and has been shown to inhibit virus release and reduce virion infectivity 

(87-93). Other cellular proteins like T-cell immunoglobulin and mucin domain proteins can also 

affect virion release efficiency (94) and it would be interesting to assess if any of these are more 

effectively overcome by TF viruses.  

 

I observed that TF viruses were released more efficiently in the presence of IFNα2 than 

chronic viruses. As mentioned above, multiple cellular factors can affect and influence the 

measurements of particle release in our assay. However, it is tempting to speculate that TF 

viruses overcome tetherin-mediated restriction more efficiently than chronic viruses. A previous 

report compared the ability of TF and chronic Vpu alleles to downmodulate surface tetherin and 

promote viral release and did not find significant differences (95). However, these experiments 

were performed in cell lines using transient transfections. It is possible that more physiologically 

relevant levels of tetherin such as those observed in primary cells, and of Vpu expressed in the 

context of a full-length virus enable the observation of differences in activity. An alternative 
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possibility is that TF viruses have evolved another viral protein to counteract tetherin in addition to 

Vpu. A recent study found that certain HIV-1 group M viruses encoded Nef proteins with anti-

tetherin activity (96). Similarly, HIV-1 group O viruses, including the most recent common 

ancestor of the group O viruses, have been demonstrated to encode Nef proteins with anti-

tetherin activity (97). Thus, it is possible that TF Nef proteins are capable of overcoming tetherin 

in addition to their Vpu proteins allowing more efficient particle release. Vpu has been 

demonstrated to downmodulate NFkB activity (85), thus reducing the induction of antiviral genes. 

It is possible, that in addition to overcoming tetherin more efficiently, TF Vpu proteins inhibit NFkB 

activation more efficiently than chronic viruses.  

 

It would be extremely interesting to map the viral determinants of IFN resistance. To do 

this, one would require a panel of viruses that differ at very few nucleotide positions but differed 

greatly in their resistance to IFN. I assembled a panel of such virus clones from longitudinally 

followed individuals (n=13). These clones represented the TF virus and the consensus virus 

present six months following infection. Thus, the virus pairs from an individual were related 

genetically, and thus did not differ at too many positions across the genome (6-20 nucleotides). I 

demonstrated that the TF virus in each case was more resistant to IFN than the corresponding 

virus at 6-months, and in some cases this difference was up to 10-fold.  I constructed chimeric 

viruses by swapping regions of the genome between the IFN resistant TF and the sensitive 6-

month virus and used site-directed mutagenesis to identify specific amino acid residues that 

confer IFN sensitivity to TF viruses. It will be very interesting to continue this analysis and extend 

the identification of sensitivity-conferring mutations to all the virus pairs. Initial analysis did not 

identify common polymorphisms in all 13 IFN sensitive 6-month viruses, thus the determinants of 

IFN sensitivity are likely to be complex and multi-factorial.  
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Complimentary to the identification of the viral determinants, it would be interesting to 

assess the contribution of known anti-HIV-1 ISGs to the IFN-mediated antiviral state. In fact, once 

we identify the mutations responsible for conferring IFN sensitivity to the 6-month virus, I propose 

to use tools like mass spectrometry and proteomic analysis (in collaboration with Nevan Krogan) 

to determine whether TF and mutant viruses bind ISGs with different efficiencies, or whether 

mutant viruses are unable to interact with the ISG. These analyses will identify both viral 

mutations that cause sensitivity to IFN and determine which ISGs are responsible for the 

observed sensitivity of the 6-month virus. These experiments can be followed by studies like 

Chapter 3 to identify the contribution of other ISGs like A3G, MxB and IFITM to the restriction of 

viral replication observed in IFN- treated primary cells. It would be interesting to silence these 

host genes in primary target cells and assess the effect of IFN in restricting replication.  These 

experiments will enable the description of the key ISGs responsible for HIV-1 restriction in IFN-

stimulated primary CD4+ T cells.  

 

Thus, in summary, tetherin is clearly an important part of the anti-HIV-1 IFNα2 response, 

and it is intriguing that Group M viruses with adaptions at key anti-tetherin residues of Vpu have 

spread successfully in humans, while viruses with suboptimal adaptations like group N viruses 

have had limited spread. Additionally, TF viruses are released efficiently from infected cells. This 

is consistent with observations that initial small foci of infection rapidly result in millions of infected 

cells in acutely infected individuals. The efficient particle release from infected cells could explain 

these observations and the observed high R0 in acute infection. Lastly, the observation that TF 

viruses are released efficiently could provide evidence for the cell-free virus that initiates infection. 

Conversely, this could mean that chronic viruses are better at navigating cell-cell spread as 

previous reports suggest that tetherin-mediated restriction could enhance cell-cell spread.  
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