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ABSTRACT
Kathryn Twigg Arrildt: Phenotypic and Genotypic Features of Macrophage Tropism in

HIV-1.
(Under the direction of Ron Swanstrom.)

HIV-1 preferentially attaches and enters specific cell types by recognizing cell-specific

receptors. HIV-1 typically targets memory CD4+ T cells by restricting attachment to cells

expressing high CD4 densities and by using the CCR5 coreceptor. HIV-1 can adapt to enter

CD4+ nave T cells by evolving to use CXCR4 in addition to CCR5. Alternatively, HIV-1 can

adapt infecting macrophages by enhancing the entry using low CD4 densities. Early classi-

fication confusion and the lack of a reproducible, high-throughput method to assess cellular

tropism has hindered robust identification and characterization of macrophage tropism. We

developed cellular tropism assays using a novel cell line to perform both high-throughput

identification screens and detailed analyses of receptor and coreceptor interactions.

Clarified definitions of cellular tropism enabled us to probe the mechanism and conse-

quences of evolving macrophage tropism through genotypic and phenotypic characterizations

of subject-matched T-tropic and M-tropic env genes. M-tropic Env proteins are mostly indis-

tinguishable from T-tropic Env proteins, except for subtle differences in the CD4-binding site

(CD4bs) revealed by differences in interactions with CD4, competitive inhibition by soluble

CD4, anti-CD4bs antibody sensitivity, and the ability of CD4-binding proximal residues to af-

fect CD4 usage. CD4 usage is highly correlated with entry of monocyte-derived macrophages

over a continuous range, making CD4 usage a useful proxy for macrophage tropism.

Other stages of binding and entry are not major factors in the evolution of macrophage

tropism and M-tropic Env proteins are not generally sensitive to antibodies. Nor does the

antibody environment appear as a major selective pressure on the evolution of macrophage

tropism. The genetic determinants are complex; evolving macrophage tropism requires unique
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constellations of amino acid substitutions at distal locations in the Env protein. However,

substitutions of bulkier, more hydrophobic amino acid residues tend to accumulate in the V5

region of the Env protein. The true genetic determinants of macrophage tropism are still

unknown, but we have begun to identify features to help identify new M-tropic viruses, which

is an essential part of unraveling the greater mysteries of macrophage tropism.
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CHAPTER 1

INTRODUCTION

1.1 HIV-1 Genome and Replication

1.1.1 Classification and Genome

Retroviridae lentivirus Human immunodeficiency virus type 1 (HIV-1) can be classified

into four groups (M, N, O, and P) that represent separate zoonotic transmission events from

simians infected with a related lentivirus, simian immunodeficiency virus (SIV). Groups M

(main) and N (non-M, non-O) are derived from a chimpanzee strain of SIV (SIVcpz) (2-4).

Groups O (outlier) and P (to continue alphabetically (5)) are derived from a gorilla strain of

SIV (SIVgor) that was likely derived ultimately from SIVcpz (6-9). The HIV-1 Group most

prevalent in human infection is Group M, which is further divided into subtypes (A1, A2, B,

C, D, F1, F2, G, H, J and K). Subtype C is the most prevalent world-wide, representing an es-

timated 50% of all HIV-1 infections, and is predominant in southern Africa and Asia. Subtype

B, estimated at 10% of all HIV-1 infections, is the nearly exclusive subtype in North America

and Europe and is also frequently found in Asia. Regardless of Group and Subtype, HIV-1

and the closely-related primate lentiviruses are all classified as Group VI viruses (based on

genomic replication steps), indicating that the viral genome is positive-sense single-stranded

RNA (+ssRNA) that is reverse transcribed into a double-stranded DNA (dsDNA) intermedi-

ate, which serves as the template for replication. The HIV-1 genome, which is between 9 kb

and 10 kb in length, contains two long terminal repeat (LTR) regions flanking ten genes: gag,
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pro, pol, env, vif, vpr, vpu, nef, tat, and rev.

To make the most of only ten genes, each viral gene product has several functions in HIV-1

replication. Gag is structural polyprotein that is cleaved into subunits that make up the matrix,

capsid, and nucleocapsid. Env is a structural polyprotein that is cleaved into two subunits,

gp120 and gp41, which remain non-covalently associated, and are responsible for attachment

and entry into host cells. Pro-Pol is a polyprotein cleaved into several non-structural enzymatic

proteins: a protease (PR), which cleaves viral polyprotein precursors into functional subunits

(except Env, which is cleaved by cellular protease); a reverse transcription polymerase (RT),

which transcribes the viral genomic +ssRNA into dsDNA and includes an RNaseH domain to

degrade the +ssRNA template; and an integrase (IN), which incorporates the viral dsDNA into

the host cellular genomic DNA. Vif is an accessory protein that antagonizes cellular antiviral

APOBEC3G proteins. Vpr is an accessory protein that induces host cell cycle arrest and reg-

ulates the pre-integration complex required for nuclear import of the dsDNA viral genome.

Vpu is an accessory protein related to Vpr that can down-modulate surface expression of cel-

lular CD4 (which may reduce the probability of super-infection and/or immune activation)

and tetherin (an antiviral host protein that prevents virion release). Nef is an accessory protein

that down regulates cell surface expression of MHC-I, among other cellular proteins, to avoid

immune surveillance. These four accessory proteins are being investigated for additional func-

tions. Tat is a regulatory protein that enhances viral transcription through interaction with host

transcription factors. Rev is a regulatory protein that functions inside the cellular nucleus to

allow export of unspliced and incompletely spliced viral mRNA.

1.1.2 Replication Cycle

HIV-1 targets host cells by specific associations of the viral Env proteins with cellular

receptors. Env (or gp160) is cleaved by cellular protease into two subunits, which remain

non-covalently associated: extraviral gp120 and transmembrane gp41. The cleaved gp120-

gp41 units trimerize to form a mature, functional spike on the virion surface. Viral attachment
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occurs when gp120 binds the cellular CD4 receptor. This binding event induces a structural

change in gp120 that forms a binding site for CCR5. When gp120 binds CCR5, structural

changes in gp120 reveal the amino-terminal fusion peptide of gp41, which is embedded in

the target cellular membrane. Once gp41 has tethered the viral membrane to the cellular

membrane, gp41 undergoes a hairpin fold, drawing the two membranes in close proximity to

induce fusion, which releases the viral core into the target cell (reviewed in (10)). The viral

RNA and polymerase enzymes are then uncoated to start the replication cycle anew.

HIV-1 polymerase initiates replication by reverse transcribing the +ssRNA genome into a

complementary DNA strand (cDNA), then destroying the +ssRNA in order to transcribe the

second strand of DNA to complete the dsDNA intermediate viral genome. APOBEC3G, a

cellular antiviral protein that degrades cytidine on cDNA, can cause errors in transcription of

the second strand of DNA, which can cause mutational inactivation of the viral genome, but

Vif can antagonize APOBEC3G to protect the viral genome. The dsDNA genome is chaper-

oned into the nucleus by a pre-integration complex, which is regulated by Vpr and requires

cellular proteins as well as viral integrase to traffic the complex and insert the viral genome

into the nucleus. Inside the cellular nucleus, integrase inserts the viral genome into the cellular

genome by catalyzing strand transfer. After integration, the viral genome can be transcribed

into mRNA by cellular machinery, but this process is inefficient until viral Tat is accumulated.

Tat binds to a TAR (trans-activation response element), a RNA secondary structure present

near the transcriptional start site of nascent RNA transcripts from the integrated viral DNA

genome, and recruits host transcription factors to enhance the number and length mRNA tran-

scripts produced. Rev binds the RRE (rev response element) on viral mRNA transcripts and

facilitates export of mRNAs that are unspliced or incompletely spliced. Exported mRNAs are

translated by host machinery into viral proteins, which will accumulate in the host cell.

Virion assembly begins by association of two copies of full-length, unspliced viral +ss-

RNA genomes with viral nucleocapsid units of uncleaved Gag polyproteins. These Gag

polyproteins traffic and accumulate at the plasma membrane where interactions between Gag
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and the +ssRNA genomes recruit and pack a specific number of structural (Gag) and enzy-

matic (Gag-Pro-Pol) polyproteins required for a mature virion. Env is cleaved by cellular

protease into transmembrane and extracellular subunits which remain covalently associated.

The transmembrane unit of Env is hypothesized to interact with Gag during assembly, but the

nature of this is not yet fully understood. Budding is initiated by subversion of the cellular ES-

CRT pathway, which allows the immature virions to bud out of the cellular plasma membrane.

Vpu antagonizes tetherin, a cellular antiviral protein that prevents virion release, allowing

nascent viral particles to find new host cells. Newly released viral particles are still immature

non-infectious. Protease (subunit of Pro) cleaves itself from the Gag-Pro-Pol polyprotein and

homodimerizes, which frees it to separate the other subunits of the Gag, Pro, and Pol gene

products into functional subunits. Nucleocapsid proteins (subunits of Gag), which are still

associated with the two +ssRNA genomes compress into an electron-dense core along with

the reverse transcriptase and integrase enzymes (subunits of Pol). Capsid proteins (subunits of

Gag) form a conical structure surrounding the nucleocapsid-RNA-enzymes complex. Matrix

proteins (subunits of Gag) remain associated with the (viral ne cellular) membrane. The fully

cleaved and reorganized virus is fully mature and ready to infect a new cell.

1.2 HIV-1 Pathogenesis

1.2.1 Stages of Infection and Disease

HIV-1 is a blood-borne pathogen and can be transmitted by the transfer of bodily fluids

from an infected person though contact with mucosal membranes or abrasions of the skin

in an uninfected recipient. Infected people do not appear to be able to acquire subsequent

infections with newly transmitted viruses. HIV-1 is mostly commonly transmitted through

sexual intercourse or intravenous drug use. Most infections were founded by a single virus

during transmission and even the most sensitive tests cannot detect HIV-1 infection for at

least one to two weeks. The first stage of disease is primary infection, which is clinically

asymptomatic. Viral loads are undetectable, probably due to the small seed number, but are
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inferred to be rapidly increasing by observations made of subsequent stages.

The second stage of HIV-1 infection is the acute infection, which is when infection be-

comes detectable. During this stage the viral load (a clinical measure of viruses in the blood)

reaches a peak level and the CD4 count (a clinical measure of CD4-expressing cells in the

blood, e.g. CD4+ T cells) reaches a nadir level usually within two to four weeks after trans-

mission. Previous guidelines recommended waiting to treat patients until CD4 counts reached

certain thresholds in part due to concerns over side-effects from the chemical therapy. How-

ever, subsequent research revealed greater benefit from suppressing viral replication as soon as

possible and new therapeutic drugs have been discovered with (or engineered for) decreased

toxicity shifting the cost-benefit ratio towards increasingly earlier treatment. Current guide-

lines suggest initiating highly active antiretroviral therapy (HAART) immediately upon detec-

tion of infection. Also, because viral loads are high during this stage, the risk of transmitting

to others is also increased, which provides an additional benefit to early treatment. During this

stage, the immune system is highly activated, which leads (in part) to decreasing viral loads,

increasing CD4 counts, and flu-like symptoms in some infected people.

The third stage of HIV-1 infection, called chronic infection or clinical latency, begins when

the viral load falls to a set point, where it can remain for months or years without treatment.

Falling viral loads are often mirrored by recovering CD4 counts and infected people are usu-

ally asymptomatic throughout this phase (even without HAART). Despite lower viral loads

and a lack of clinical symptoms, the viral loads in chronic infection are sufficient to transmit

HIV-1. HAART can induce a similar clinical latency by suppressing HIV-1 replication, but

with several advantages. HAART-induced suppression can extend latency indefinitely and

prevents transmission in 100% of cases where viral loads are completely and consistently

undetectable. Furthermore, suppression of viral replication reduces chronic immune activa-

tion, which has been implicated in some long-term side effects of HIV-1 infection. Without

HAART, HIV-induced disease will eventually progress to acquired immune deficiency syn-

drome (AIDS).
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The final stage of HIV-1 infection, or late infection, is AIDS, which is characterized by

increasing viral loads (away from the set point maintained through chronic infection) and de-

creasing CD4 counts (200 cells per µL of blood is used as a clinical threshold). The immune

system becomes increasingly dysregulated and ineffective during AIDS, caused in part by

depletion of CD4+ T cells (the target cells of HIV-1, discussed in detail below) and years of

chronic immune activation. Reduced effectiveness of the immune system increases suscep-

tibility to infection by other pathogens, including opportunistic pathogens, and reactivation

of latent viral infections. Several common herpesviruses, which are typically suppressed by

a functional immune system, can lead to lymphoma or other diseases when that immune-

mediated control is lost. Even at this stage HAART can suppress viral replication and allow

recovery of CD4 counts, reverting disease back into a clinical latency.

1.2.2 Neuropathogenesis

Neuro-invasion by viruses is fairly common and spans viruses from several families. The

infection of neurons is fundamental to life cycles (e.g. transmission, latency/reactivation) of

only a small fraction of these viruses, including several viruses in the herpesviridae (e.g. her-

pes simplex viruses, varicella zoster virus) and rhabdoviridae (e.g. lyssavirus, vesiculovirus)

families, despite being able to enter and infect multiple cell types. These viruses are able

to infect neurons and use retrograde neural transport to move from peripheral nerves near

the site of infection to the central nervous system (CNS). Although herpes simplex viruses

does not require invasion of the CNS, infection of neurons provides a reservoir for episodic

reactivation that is protected from immune detection. Because herpes simplex viruses estab-

lish latency in neural ganglia using retrograde neural transport, infection can in rare cases

penetrate as far as the CNS, which causes severe neurological complications that range from

encephalitis and myelitis to behavior alterations if left untreated. Because transmission is

primarily through contact, especially at mucosal membranes, anterograde neural transport of

viruses during reactivation is necessary to reach peripheral nerves and spread into epithelial
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cells to enhance shedding. Lyssavirus has evolved to produce high titers in the salivary glands

and is typically transmitted via saliva through punctures of the skin (usually animal bites). In

a more extreme example of neural tissue dependency, lyssavirus infection typically reaches

the CNS and produces behavioral changes in the host which are thought that enhance viral

transmission. Lyssavirus infection in the CNS can cause increased aggression and decreased

fear, which is thought to increase interactions with other potential hosts (11). However, even

when infections of neurons or other cells in neural tissue are required for the life cycle of a

virus, most viruses that infect neural tissue can enter and replicate in a wide range of different

cell types and do not have specialized targeting receptors.

The majority of viral infections in the CNS appear accidental in that they occur only

rarely and offer no apparent evolutionary advantage (e.g. by enhancing survival or trans-

mission). Even viruses known (and sometimes named) for the disease symptoms caused by

infection of the CNS do so in only a small fraction of total infections. Viruses in the to-

gaviridae (e.g. rubella virus and alphaviruses including Eastern, Western, and Venezuelan

encephalitis viruses), flaviviridae (e.g. dengue virus, West Nile virus, Japanese encephalitis

virus), picornaviridae (e.g. poliovirus, coxsackie A virus), paramyxoviridae (e.g. measles

virus, mumps virus, canine distemper virus), bunyaviridae (e.g. La Crosse virus, California

encephalitis virus), and other families can all cause viral meningitis resulting in serious or

even fatal disease, but typically do so in less than 2% of reported cases. If anything, this num-

ber is likely an overestimate, because infections with neuroinvasion are more likely to result in

severe symptoms and hospitalization than in cases without neuroinvasion, which can often be

mild or even asymptomatic (reducing the rate of reporting). The symptoms of neuroinvasion

in these viruses are typically due to inflammation in the CNS rather than direct damage from

viral infection and replication, much less targeted antagonism.

Neither neuroinvasion nor macrophage infection are integral to the HIV-1 life cycle. M-

tropic viruses are typically only detectable in the CNS and are rarely if ever transmitted (12-

20). Latency can be achieved in T cells, providing a reservoir protected from immune de-
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tection, without an expansion of host range. The higher frequency of neurological symptoms

resulting from neuroinvasion by HIV-1 (estimates range from 25% to more than 50% (21-

24)) is likely due to the long-term chronic infection compared to the acute infections of the

accidental neuroinvasion viruses. Although HIV-associated neurological symptoms typically

occur years after transmission, there is evidence that HIV-1 can penetrate the blood brain bar-

rier and access the CNS very shortly after transmission (25-30). Together these observations

suggest that HIV-1 neuroinvasion is of the accidental variety.

On the other hand, the evolution of macrophage tropism in HIV-1 hints that macrophages

are a useful target during infection. Latency in peripheral T cells does not exclude the pos-

sibility of other models of latency, including sequestration of viral populations in the CNS

compartment in general or perivascular macrophages in specific. Macrophages have a long

lifespan, which may allow them to serve as viral reservoir with the potential to re-seed and

repopulate the lymphatic system. Also, while M-tropic viruses are notable inhabitants of the

CNS because M-tropic viruses are rarely found elsewhere, even CNS viruses are more likely

to be T-tropic than M-tropic. The CNS as an anatomical compartment may provide conditions

for a reservoir in that some anti-HIV therapeutic drugs have poor penetration across the blood-

brain barrier (31-38). Thus, there is the potential for T-tropic viruses, which make up the vast

majority of HIV-1 in human infection and are the dominant transmitted variant, to form a

reservoir in the CNS. However, whether these potential reservoirs actually exist in the CNS

and have clinical relevance may remain unsolved until a treatment regimen is designed that

can fully eradicate viruses based in the lymphatic system. Regardless of the potential to form

a reservoir, HIV-1 replication in the CNS results in the pattern of damage via inflammation

observed for the accidental viral infections.

The HIV-associated neuropathogenesis is caused by HIV-1 infiltration of and replication

in the CNS. Damage to cells in the CNS can be caused directly by neurotoxic viral proteins

gp120, Tat, and Vpr and indirectly through inflammation and immune activation by infected

perivascular macrophage and microglia (reviewed in (32, 39)). In combination, direct and
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indirect injury results in disruption of the blood-brain barrier (BBB; endothelial barrier re-

sponsible for protecting the CNS from infection and injury) through interactions between

viral proteins and epithelial cells, disruption of signaling by infection of or viral protein in-

teractions with astrocytes (involved in signal regulation and BBB maintenance) and induc-

tion of neuronal apoptosis through release of cytokines and chemokines by activated immune

cells. Immune activation of resident CNS immune cells (e.g. perivascular macrophage and

microglia) can lead to recruitment of additional immune cells from outside the CNS. Pleocy-

tosis, an influx of lymphocytes, in the CNS can be a cause and/or downstream effect of viral

replication in the CNS (40).

Pleocytosis in the CNS may result from the immune recruitment instigated by HIV-1 infec-

tion in the CNS and contribute to immune-mediated destruction and bystander killing of CNS

cells, which is supported by the observation that initiation of HAART (suppressing infection)

can resolve HIV-1 encephalitis and other measures of CNS damage (41-47). However, the

lymphocytes recruited to the CNS for any cause may contain CD4+ T cells infected with HIV-

1, providing one potential mechanism for HIV-1 infiltration of the CNS. It is also possible that

CNS infiltration can be caused by free virus, but it is still unknown whether the small size of

viral particles allows penetration of the BBB. The CNS is typically devoid of CD4+ T cells,

the primary targets for HIV-1, which may naturally limit HIV-1 replication in the CNS. Once

HIV-1 has infiltrated the CNS, pleocytosis can also bring in uninfected CD4+ T cells, proving

targets for new infection and maintaining infection in the CNS, which is typically devoid of

CD4+ T cells. In most cases viral loads are lower in the CNS compared to the blood, which

may result from a combination of barrier protection and limited numbers of permissive target

cells.

HIV-1 infection of cells in the brain can cause a range of HIV-associated neurocognitive

defects (HAND). The most severe form of HAD is HIV-associated dementia (HAD), which

is characterized by severe neurological dysfunction, including impaired cognitive and motor

functions, and extensive changes in behavior. The mildest form of HAND is asymptomatic
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neurocognitive impairment (ANI), which refers to neurocognitive defects than can be detected

clinically, but do not impact the day-to-day life of those diagnosed. Prior to widespread use

of HAART, HIV-1 infection resulted in HAD in 20% to 30% of cases (48). The increasing

availability of HAART has drastically reduced HAD incidence to 2% of cases (49), but milder

forms of HAND are becoming more prevalent with increasing life expectancies after HIV-

1 infection. Recent estimates of HAND incidence are as high as 52% (49). Although the

ANI subset contributes more than half of HAND diagnoses, cases of ANI are more likely to

decline into other forms of HAND compared to cases with no neurocognitive impairment (50),

warranting inclusion of ANI in the HAND group and providing a potential target group for

high-impact intervention to prevent or delay incidence of symptomatic neurocognitive defects.

1.2.3 Compartmentalization

All HIV-1 infections result in virus present in the CNS as measured by viral loads in the

cerebrospinal fluid (CSF) (51, 52), but typically at much lower levels than are observed in

the blood. Increased viral loads in the CSF are correlated with cognitive dysfunction (53,

54). Schnell et al. characterized a small cohort of subjects with high viral loads in the CSF

and revealed that HAND was associated with independent HIV-1 replication in the CNS and

that unimpaired neurocognition was not associated with independent HIV-1 replication in the

CNS. Independent replication of HIV-1 in the CNS was determined by phylogenetic analysis

of viruses isolated from the blood and CSF of each subject. If the blood- and CSF-derived

viruses were indistinct and formed a single genetic population, it was determined that there

was no independent replication in the CNS and so the viruses will likely overspill from the

viruses circulating through the rest of the body. However, if the CSF-derived viruses formed a

separate clade that was anatomically separated and genetically distinct from the blood-derived

viruses (i.e. compartmentalized), it was determined that a population of HIV-1 was replicating

in the CNS independently of the circulating viral population, which allowed this CNS-derived

population to diverge (55-61).
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Cases of compartmentalized viral populations can be further distinguished into two groups

(61). In the first group, the CSF compartmentalized viral populations were clonal amplified

or minimally genetically complex, which was associated with pleocytosis (measured by in-

creased levels of white blood cells in the CSF) and viral replication in short-lived cells (mea-

sured by a rapid decay of viral load after initiation of HAART) consistent with the half-life

of CD4+ T cells (Figure 1.1). Because HAART effectively blocks infection of new cells and

because free viruses decay rapidly, viruses present after the initiation of HAART are produced

from a cell that was infected prior to the initiation of HAART. When tested for cellular tropism

(discussed in greater detail in the next section), viral isolates from the first group were con-

firmed to be T cell-tropic. In the second group, the CSF compartmentalized viral populations

were genetically complex, which was associated with little or no pleocytosis and viral repli-

cation in long-lived cells (inferred by slow decay of viral load in the CSF) consistent with

perivascular macrophages or microglia. When tested for cellular tropism, viral isolates from

the second group were confirmed to be macrophage-tropic. Viral isolates from the blood of

all subjects were T cell-tropic.

Invasion of the CNS may occur through the diffusion of free virus across the BBB or

through infected cells via pleocytosis. Clonal expansion of an infected cell could produce

large numbers of near-identical viruses. In order to replicate, however, pleocytosis must occur

to provide host cells capable of sustaining replication. This type of temporary pleocytosis-

dependent replication of HIV-1 in the CNS could explain the first group of compartmental-

ization by T cell-tropic viruses in the CNS, which are often comprised of genetically similar

viruses. To maintain long-term replication of HIV-1 in the CNS, there must be either con-

tinuous replenishment of memory CD4+ T cells by sustained pleocytosis or the viral popula-

tion will have to adapt to a cell type that resides permanently in the CNS. Both perivascular

macrophages and macrophage-like microglial cells reside permanently in the CNS and can

be infected by HIV-1, but only very inefficiently. Adaptation to these cells may provide a

mechanism for sustained HIV-1 replication in the CNS and would allow for long-term viral
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Figure 1.1: VL decay upon initiation of HAART. Successful HAART blocks new infection,
but does not affect cells already infected with HIV-1. Therefore, the remaining viral produc-
tion (and viral load) is directly related to the life-span of the cells infected prior to initiating
HAART. In essentially all patients infected with HIV-1, viral load (VL) decays rapidly upon
initiation of HAART with a half-life of approximately 1 to 2 weeks in the blood (indicated
by the solid red line) and cerebrospinal fluid (CSF; solid blue line), which is consistent with
virus produced from infected CD4+ T cells in both compartments. In rare cases, patients will
have the same rapid decay of VL in the blood, but will have a much slower decay in the
CSF (dashed blue line). This indicates that in these patients viruses are being produced in
CD4+ T cells in the blood, but are being produced by a longer-lived cell, likely perivascular
macrophages or microglia, in the CSF.
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evolution, which could explain the genetic complexity in viral populations in the second group

of compartmentalization.

Compartmentalization has also been observed for other anatomical locations with the most

evidence for compartmentalization in genital secretions (62-80) and breast milk (81-83), kid-

neys (84), which have significant implications for transmission. Other anatomical compart-

ments have been identified as offering the potential for compartmentalization, including lungs

(85-88), liver (89, 90) and gastrointestinal tract (91-95) though some observation are depen-

dent upon very small data sets and will require further investigation. Cellular tropism is only

beginning to be explored in these compartments, but a recent study identified cellular tropism

variants in the genital tract that differ from the cellular tropism of viral populations in the

blood of the same subject (96).

1.3 HIV-1 Cellular Tropism

1.3.1 Env-Specified Target Cells

The pathogenesis of HIV-1 is largely due to the cells targeted for replication. Upon trans-

mission, HIV-1 targets and primarily infects memory CD4+ T cells. A rapid depletion of

memory CD4+ T cell unbalances the intricately interwoven immune system and leads to dys-

regulation and loss of effectivity. However, HIV-1 can bind and enter any cells expressing the

CD4 receptor and the CCR5 coreceptor with varying degrees of successful replication. For

example, HIV-1 can enter astrocytes, macrophages, and microglia albeit poorly and cause

dysregulation in chemical signaling and aberrant immune activation, which can disrupt tis-

sue functions and damage surrounding cells. HIV-1 can evolve to target new cell types in

situations where the preferred targets (memory CD4+ T cells) are rare.

HIV-1 targets specific cell types by evolving to interact with a specific combination of

receptors, which benefits the virus by avoiding entry into cells that are not ideal for replication.

All interactions between HIV-1 and a host cell are mediated by HIV-1 Env, which is the only

viral gene product present on the viral surface. This also means that Env is also the only viral
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protein exposed to extracellular immune surveillance. Env mitigates immune detection by

being heavily glycosylated and host glycosylation patterns are poorly immunogenic. Env also

stays one step ahead of detection by being produced from the most highly variable gene in the

HIV-1 genome (97). However, sequence variability can be troublesome for maintaining the

structures and functions of a protein. The extracellular gp120 portion of Env gets around this

problem by having a core structure composed of five conserved regions (C1-C5), in which

mutations are deleterious and so are not replicated. These conserved regions are masked by

five variable regions (V1-V5), which are more physically and evolutionarily plastic, contain

most of the variation in the env gene, and are most exposed to potential detection. The variable

regions have fewer constraints, so a high mutation rate can keep viruses one step ahead of

immune recognition. Because Env also specifies target cells through receptor recognition, the

high mutation rate also grants Env the ability to evolve to target new cell types.

1.3.2 Primary Target: Memory CD4+ T Cells

Specificity for a certain cell type is maintained by a viral Env that is specific for a combi-

nation of receptors and coreceptors unique to that cell type. For the majority of HIV-1, the Env

proteins are only able to attach to cells expressing the CD4 receptor at high densities and, al-

though several immune cell types express CD4, the high densities required are only expressed

on the surface of CD4+ T cells making these viruses T cell tropic (T-tropic). Also in this case,

the HIV-1 Env can only use CCR5 as a coreceptor making these viruses CCR5-using (R5)

and, of CD4+ T cells, CCR5 is only found at efficiently useable levels on the memory sub-

set. Thus, these CCR5-using T cell-tropic (R5 T-tropic) viruses replicate primarily in memory

CD4+ T cells. R5 T-tropic HIV-1 describes the vast majority of viruses involved in transmis-

sion (or at least in founding the infection), acute infection, and chronic infection (12-14, 16,

20, 98).

R5 T-tropic HIV-1 is evolved to enter and replicate in memory CD4+ T cells, evidenced

by adaptation of Env to engage receptors specific for memory CD4+ T cells and adaptation of
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accessory proteins to modulate memory CD4+ T cells. However, HIV-1 has been hypothesized

to infect several other cell types, including: monocytes, macrophages, dendritic cells. These

cells types have the CCR5 coreceptor and the CD4 receptor, though not at densities to allow

efficient entry. R5 T-tropic viruses infect monocyte-derive macrophage (MDMs) poorly and

DCs undetectably. All of these alternative cell types express CD4 at much lower densities

than CD4+ T cells and at levels shown to be inefficient for entry of R5 T-tropic HIV-1 (99).

Consistent with the observation of viral tropism, CD4+ T cells are also the primary source

of replicating virus. HAART blocks infection of new cells, but has no effect on cells infected

prior to therapy and free virus is only stable for approximately 6 hours or less in blood plasma

(100, 101). Thus, when HIV+ subjects initiate HAART, the decay of viral load is related to

the lifespan of the cells in which HIV-1 is actively replicating (and producing new viruses).

Barring resistance to the drugs used in HAART, the decay of viral load in the blood is invari-

ably short (usually 1-2 days), consistent with the lifespan of an infected CD4+ T cell. Thus,

even if viruses are able to enter other cell types, they are not replicating efficiently enough to

contribute significantly to the viral population that is replicating efficiently in memory CD4+

T cells.

Another way to evaluate which cell types support replication of HIV-1 is to detect viruses

that have succeeded in post-entry steps of replication. Proviral integration is a step required

for productive replication that can be easily detected by PCR. Although several candidate cell

types were evaluated, integrated HIV-1 proviral genomes are most frequently isolated from

CD4+ T cells from subjects both on (14, 102-105) and off (106-108) HAART. HIV-1 may

enter off-target cells inefficiently, so likely at some low frequency, but downstream steps can

also be cell type-specific.

Viruses must be able to antagonize cell type-specific antiviral mechanisms that attack var-

ious stages of HIV-1 replication. HIV-1 has several accessory proteins adapted to hurdles

and antiviral mechanisms deployed by CD4+ T cells: Vpr interacts with the pre-integration

complex to facilitate nuclear entry of the viral genome (109, 110) and modulates the host cell
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cycle to pause in the G2 phase to aid viral replication (111-114). Nef downregulates host

MHC-I (115) to evade immune detection and host cell CD4 expression (116, 117), which in-

terferes with Env incorporation and virion budding (118, 119). Vpu can also downregulate

CD4 surface expression, but its unique function is to promote the release of budding virus

(120) by antagonizing tetherin, which is a human antiviral protein that prevents release of

nascent viruses from the surface of the infected cell (121). Vif antagonizes APOBEC, which

is a family of cellular antiviral proteins, by targeting them for degradation (122, 123)

Simian immunodeficiency virus (SIV), a lentivirus closely related to HIV-1, uses a viral

accessory protein Vpx or Vpr (depending on the strain) to antagonize host antiviral SAMHD1

by marking it for degradation. SAMHD1 is an antiviral protein that reduces the concentra-

tion of deoxynucleotides available for use in reverse transcription and is expressed in mono-

cytes, DCs, and resting T cells at levels sufficient to prevent reverse transcription of the HIV-1

genome. SAMHD1 is also expressed in macrophages, but at lower levels. However, HIV-1

does not express Vpx and the Vpr that HIV-1 does express has lost the ability to antagonize

SAMHD1. This suggests that not only will HIV-1 fare poorly in DCs without protection from

SAMHD1, but that HIV-1 has not evolved to replicate in this cell type, because the selec-

tive pressure provided by SAMHD1 would have ensured maintenance of the anti-SAMHD1

function of Vpr.

R5 T-tropic HIV-1 is limited to replication in memory CD4+ T cells through a combination

of viral specifications for entry and by defenses employed by other cells types. The loss of

anti-SAMHD1 functions in the version of Vpr expressed by HIV-1 suggests that HIV-1 is

not consistently replicating in myeloid or resting T cells, because unlike SIV HIV-1 is not

evolving to defend against SAMHD1. All evidence suggests that HIV-1 is mostly replicating

and evolving in memory CD4+ T cells. However, in some cases, HIV-1 can evolve to infect

other cells types.
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1.3.3 Alternate Target: Naive CD4+ T Cells

Coreceptor switching is the most common example of HIV-1 that has evolved to infect

alternative cell types and occurs during late infection in approximately 50% of HIV+ sub-

jects (124). During chronic infection, HIV-1 can evolve the ability to use CXCR4, another

chemokine expressed on the surface of immune cells, as an alternate coreceptor. When this

CXCR4-using (X4) variant emerges and rises to high frequency in a viral population, it is

called coreceptor switching. These viruses still require a high density of CD4, which limits

entry to T cells (T-tropic), but are now able to use CXCR4 (CXCR4-using or X4), which is

only expressed at sufficient levels on the naive subset of CD4+ T cells.

Most X4 T-tropic variants retain some ability to use the original CCR5 coreceptor, but it

remains unclear whether this is relevant in vivo. Animal studies have shown that infection with

X4 T-tropic viruses depletes naive CD4+ T cells followed by memory CD4+ T cells, which im-

plies that X4 T-tropic HIV-1 can infect both subsets of T cells, but preferentially targets naive

CD4+ T cells. In late infection, the primary target (memory CD4+ T cells) are depleted and so

viruses able to target alternate cells types even cell types less efficient for HIV-1 replication

become more prevalent (124, 125). In any viral infection, there is selective pressure for HIV-1

to replicate in the best cell type available, i.e. of the cell types accessible to the virus, the

one that supports replication most robustly. However, as the target cell population declines,

the advantage of efficient replication is balanced against the advantage of being able to find

a target cell to replicate in. At some point it may be advantageous to adapt to replicate in an

alternative target cell, but retain the ability to replicate in the original target cell. If the popula-

tion of the original target cells becomes too small to support replication (and evolution), then

there is no selective pressure to maintain the ability to infect the original target cell and that

ability would become vestigial and eventually lost. Therefore, the observation that some X4

T-tropic viruses maintain the ability to use CCR5 may indicate either ongoing replication in

both naive and memory CD4+ T cells; or that the X4 T-tropic population was, at some point,

previously R5 T-tropic.
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Coreceptor switching is associated with a rapid decline in the health of HIV+ subjects, but

the causal link remains unknown. One hypothesis is that HIV-1 replication in and depletion of

naive CD4+ T cells directly causes an enhancement in disease progression. However, without

HAART, all HIV-1 infections can cause the full spectrum of disease regardless of whether the

viral population undergoes coreceptor switching. An alternative hypothesis is that depletion

of the memory CD4+ T cells causes immune dysregulation, which results advancing disease,

and also produces the selective pressure to increase HIV-1 replication in naive CD4+ T cells.

In this case, the appearance of X4 T-tropic viruses would only represent a marker of disease

advancement. However, this model does not provide an explanation for why X4 T-tropic

variants do not appear in all subjects when the memory CD4+ T cell population is depleted to

similar extent, but it is possible that the explanation lies in the different propensities of HIV-1

variants to evolve to use CXCR4 (126).

Different subtypes of HIV-1 group M undergo coreceptor switching at different frequen-

cies. Subtype B infections result in coreceptor switching in 50% of subjects. Subtype D,

which is closely related to Subtype B, undergoes coreceptor switching even more frequently.

Subtype C, on the other hand, has a reduced incidence of coreceptor switching and SIV un-

dergoes coreceptor switching only rarely. However, all coreceptor switching requires changes

in the HIV-1 Env protein specifically in the third variable (V3) region, which is involved in

coreceptor binding. The major genetic signatures of coreceptor switching are the emergence

of nucleotide substitutions coding for basic amino acids at positions 11, 24, and 25 in the

V3 region. This genetic signature has enhanced the ability to identify X4 T-tropic variants

by sequence alone without expensive and time consuming functional tests and has provided

a tool to tailor treatment. However, the entire V3 regions are more diverse in X4 T-tropic

variants, suggesting that the evolutionary requirements are more complex than just those three

positions.
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1.3.4 Alternate Target: Macrophages

HIV-1 that has adapted to infecting macrophages (or microglial cells, which are macrophage-

like cells in the parenchyma of the brain) is detected so rarely (17, 20) that it is difficult to

estimate the true frequency of emergence in HIV-1 infection. Most examples of macrophage-

tropic (M-tropic) viruses have been identified very late during HIV-1 infection in the CNS of

subjects with HIV-associated neurocognitive disorders. It is possible that M-tropic viruses are

only detectable in this compartment due to the general lack of T cells in the CNS and that M-

tropic viruses are also present in other anatomical compartments, but at frequencies too low

to detect over the more abundant R5 T-tropic viruses. However, by the same token, there is

more selective pressure to adapt to infect macrophages in a compartment lacking the primary

target (memory CD4+ T cells) than in tissues where the primary target is readily available.

Either way, when studying M tropism using only M-tropic viruses from the CNS, differences

in selective pressures due the different environments provided by different compartments (e.g.

differences in the immune responses in the blood vs. those in the brain) must be considered

in addition to the selective pressures exerted by the target cell.

Until recently, M-tropic viruses have been identified through infection monocyte-derived

macrophages (MDMs). Originally, HIV-1 was cultured and tested in transformed T cell lines

that had lost expression of the CCR5 coreceptor, which is required for infection by R5 viruses

and only allowed infection by X4 T-tropic viruses. The remaining viruses (the R5 variants)

were eventually discovered to infect MDMs and were given the misnomer of macrophage-

tropic despite including both R5 M-tropic and R5 T-tropic viruses. When the CCR5 and

CXCR4 coreceptors were identified, viruses were divided into X4 variants (which could in-

fect transformed T cell lines) R5 variants (which could infect MDMs) and dual tropic vari-

ants (which could use either coreceptor and infect both transformed T cell lines and MDMs).

However, viruses infected MDMs to widely varying degrees. Upon identification of T cells

as the primary target of HIV-1, it was observed that although R5 T-tropic viruses could infect

MDMs, a small fraction of R5 variants infected MDMs far more efficiently by comparison
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and so were identified as R5 M-tropic.

Although direct comparisons of infectivity on MDMs have clarified important differences

between R5 T-tropic and R5 M-tropic viruses, MDMs are highly variable both between dif-

ferent donors and between different preparations from the same donor over time (99, 132).

Viruses are also highly variable in their ability to infect MDMs, including wide variation in

a panel of R5 T-tropic viruses sampled from different subjects and used to infect the same

preparation of MDMs (99, 132). Because of the (1) low frequency of M-tropic viruses de-

tected, (2) the previous lack of a sensitive and reproducible identification method, and (3)

the inherent high variation in the genotypes and phenotypes of HIV-1 isolated from different

patients, there are few studies that have characterized verified, true M-tropic viruses and how

they differ from typical R5 T-tropic viruses.

In this dissertation, we used M-tropic viruses that were rigorously defined by three crite-

ria (61). First, these M-tropic viruses were isolated from subjects with HIV-associated neu-

rocogntive defects and slow viral load decay rates in the cerebrospinal fluid (CSF) upon initi-

ation of HAART, which indicates that viruses are being produced from long-lived cells, likely

macrophages or microglia (compared to the relatively short lived infected memory CD4+ T

cells). Second, we analyzed the HIV-1 env gene from several viruses from the blood and CSF

of each patient, because it is both the viral gene most relevant to the entry phenotype and the

most variable gene of the HIV-1 genome, which enhances the ability to differentiate closely

related viruses. We used phylogenetic analysis of env genes to identify viral populations in the

CSF that were compartmentalized from the viral population in the blood of the same subject,

which is not typical in HIV-1 infection. Of these CSF compartmentalized viral populations,

we excluded those that were comprised of identical or closely related viruses, which suggests

a short-term expansion and may be the result of clonal amplification of an infected T cell,

and focused on CSF compartmentalized viral populations that were diverse, which suggests a

more long-term colonization of this compartment, to identify viral populations that had sev-

eral generations of adaptation to their new environment. Third, we generated pseudotyped
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viruses with env genes from the blood or CSF from each of these subjects and the same env-

deficient HIV-1 genome expression construct with a luciferase reporter gene. We used these

env-pseudotyped reporter viruses to infect MDMs from several donors, which showed that

all env genes clones from blood viruses effected poor infection of MDMs and that all env

genes from CSF viruses that formed compartmentalized, diverse phylogenetic clades effected

efficient infection of MDMs. Viruses from the CSF of the same patients that clade with the

blood rather than the CSF had results equivalent to blood viruses and it is likely that these

blood-like CSF viruses originated in the blood and represent spill-over into the CSF. We used

one M-tropic viruses isolated from each of five subjects in Schnell et al. 2011 that conformed

to this three-fold definition of M tropism and also one T-tropic virus from each of the same

five subjects in order to study matched pairs of M-tropic and T-tropic viruses, which reduces

the confounding effects of variation in viruses from different subjects.

For the first phase of this study, we began by clarifying how macrophages differ from

memory CD4+ T cells as a target for viral entry. We quantified expression of the CD4 re-

ceptor and CCR5 coreceptor on the surface of memory CD4+ T cells and monocytes (later

induced to become macrophages, i.e. MDMs) isolated from several donors. We measured

the size of these cell types to compare receptor and coreceptor expression densities between

cell types. We also measured CD4 and CCR5 density on the Affinofile cell line, which can

be experimentally induced to express different levels of CD4 and/or CCR5. To observe how

receptor density influences entry, we used M-tropic and paired T-tropic viruses to infect mem-

ory CD4+ T cells, MDMs, or Affinofiles that had been induced to different levels of CD4 or

CCR5 expression. To evaluate the variation in MDM infectivity, we use a large panel of T-

tropic viruses to infect MDMs from four different donors. In this phase, we showed that CD4

densities are approximately 20-fold lower on MDMs compared to memory CD4+ T cells and,

using Affinofile cells, we showed the lower CD4 expression found on MDMs presents a large

obstacle to infection even when the cell type is unchanged (i.e. Affinofile cells expressing low

vs. high CD4 densities). We also showed that infection of Affinofile cells at low vs. high CD4
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expression can be used to effectively detect M-tropic viruses and with increased sensitivity

and reproducibility compared to MDM infection.

For the second phase of this study, we clarified how M-tropic viruses differ phenotypi-

cally from T-tropic viruses using the original five pairs of T-tropic and M-tropic viruses and

two additional pairs from two additional subjects. To estimate the magnitude of difference

in MDM infection, we used the same panel of seven paired env-pseudotyped reporter viruses

(fourteen viruses total) to infect MDMs from four different donors (to account for variation

between donors). We also used these seven pairs of viruses to infect Affinofile cells express-

ing CD4 at ten different levels as a more sensitive measure of CD4 usage (i.e. the ability

to use low CD4 densities for viral entry into a target cell). To probe for differences in Env

conformation by epitope exposure and neutralization sensitivity, we exposed the seven pairs

of viruses to a wide panel of antibodies, including poly clonal sera and monoclonal antibodies

targeting different epitopes, and also to soluble CD4 (sCD4). To test viral Env stability, we

exposed the seven pairs of viruses to different temperatures and assessed for function in entry

assays. We compared the relative incorporation of Env into virions by western blotting. Be-

cause sensitivity to Env density on target cells proved to differentiate M-tropic viruses from

T-tropic viruses, we compared CD4 usage against MDM infectivity for the seven M-tropic

and T-tropic virus pairs plus an additional seven viruses of intermediate CD4 sensitivity and

seven paired T-tropic viruses (14 pairs or 28 viruses total) and found a strong linear correla-

tion between enhanced CD4 usage and increased infectivity in MDMs. We also observed that,

although all T-tropic viruses were relatively resistant to neutralization by sCD4, all M-tropic

(enhanced CD4 usage) viruses and viruses with an intermediate CD4 usage phenotype were

highly sensitive to neutralization by sCD4. These intermediate CD4 usage viruses may repre-

sent an evolutionary intermediate on the path to M-tropism, which if true implies that early

stages in the evolutionary process result in increased sensitivity to sCD4, which precedes a

gradual enhancement of CD4 usage as viruses evolve to efficiently enter macrophages.

For the third phase of this study, we identified the major genetic determinates of M-tropism
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in the original panel of five subject-matched pairs T-tropic and M-tropic viruses. We made

chimeric env genes that combined regions of the T-tropic and M-tropic viruses from the same

subject and evaluating macrophage tropism by relative CD4 usage, which we now understand

to be a continuous phenotype (96). By gradually decreasing the regions of Env coded by

the M-tropic env, we narrowed down the regions that contributed significantly to enhanced

CD4 usage. We then used site-directed mutagenesis to identify single amino acid changes

or constellations of amino acid changes that were responsible for enhanced CD4 usage both

by knock-out mutations in the M-tropic env genes and knock-in mutations in the T-tropic env

genes. Although there was no specific signature that was identical between M-tropic viruses

isolated from different subjects, functional amino acid changes did cluster in certain regions.

Although substitutions clustered around the CD4 binding site (CD4bs) in some cases, not

all of the M-tropic env genes required peri-CD4bs substitutions. Only the V5 region was

consistently required by all M-tropic primarily isolates tested, implicating the V5 in CD4 in-

teractions with the Env protein. In one case, macrophage tropism required a coding change in

the V1/V2 structure, which has recently been solved (133). The roles and functions of V1/V2

are still not fully understood, but this structure is thought to contribute to immune shield-

ing and interactions with adjacent Env subunits within Env trimers. The flexible structure of

V1V2 makes it difficult to understand how this cluster of mutations may affect interactions

between Env and CD4, but it is clear that it can contribute to using low densities of CD4 for

entry. Although the genetic signature of M-tropism is not as clear as the genetic signature

of coreceptor switching, we have identified a genetic theme and have begun to clarify how

M-tropic viruses have evolved to use lower density CD4 for entry into macrophages.
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CHAPTER 2

QUANTIFICATION OF ENTRY PHENOTYPES OF MACROPHAGE-TROPIC
HIV-1 ACROSS A WIDE RANGE OF CD4 DENSITIES1

2.1 Overview

Defining a macrophage-tropic phenotype for HIV-1 to assess a role in pathogenesis is com-

plicated by the fact that HIV-1 isolates vary continuously in their ability to enter monocyte-

derived macrophages (MDMs) in vitro, and MDMs vary in their ability to support HIV-1

entry. To overcome these limitations, we identified consistent differences in entry pheno-

types between five paired blood-derived, T cell-tropic HIV-1 env genes, four of which are

CCR5-using (R5) and one of which is CXCR4-using (X4), and cerebrospinal fluid (CSF)-

derived, R5 macrophage-tropic env genes. We performed entry assays using the CD4- and

CCR5-inducible Affinofile cell line, expressing a range of CD4 levels that approximates the

range from MDMs to CD4+ T cells. The macrophage-tropic viruses were significantly better

at infecting cells expressing low levels of CD4 than the T cell-tropic viruses from the same

subjects, with the titration of CD4 providing a distinctive and quantitative phenotype. This

difference in CD4 utilization was not due to macrophage-tropic viruses being CD4 indepen-

dent. Furthermore, macrophage-tropic viruses did not differ from paired T cell-tropic viruses

in their ability to use low levels of CCR5 (tpaired = 1.39; P = 0.24) or their use of an alternative

1The work described in this chapter was accomplished in collaboration with Sarah B. Joseph, Adrienne E.
Swanstrom, Gretja Schnell, Benhur Lee, James A. Hoxie, and Ronald Swanstrom. The work presented in this
chapter was previously published and is reprinted/adapted from Joseph S.B., et al. 2014. Quantification of
Entry Phenotypes of Macrophage-Tropic HIV-1 across a Wide Range of CD4 Densities. J Virol 88:1858-69 with
permission from American Society for Microbiology.
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conformation of CCR5. We also infected MDMs with a panel of viruses and observed that

infectivity of each virus differed across four donors and between three preparations from a

single donor. We concluded that the evolutionary transition from replication in T cells to that

in macrophages involves a phenotypic transition to acquire the ability to infect cells express-

ing low levels of CD4 and that this phenotype is more reliably measured in Affinofile cells

than in macrophages.

2.2 Introduction

The HIV-1 Env protein determines the entry phenotype of the virus, typically using CD4 as

the receptor and CCR5 as the coreceptor. The ability of HIV-1 to replicate in a novel cell type

likely requires adaptation of the viral envelope protein to efficiently utilize the receptor and

coreceptor present on that cell type. The emergence of CXCR4-using virus late in infection

has long been thought to represent adaptation to infect a novel host cell (134), most likely

CD4+ naive T cells, which are known to express high levels of CXCR4 and very little CCR5

(135). This is consistent with a recent in vitro study showing that receptor-mediated entry of

CD4+ naive T cells requires use of the CXCR4 coreceptor (136).

Historically, viruses capable of growing in transformed T cell lines were called T cell-

tropic viruses. Due to the fact that most T cell lines express CXCR4 but not CCR5, the early

isolates capable of growth on these cell lines were predominantly CXCR4-using viruses. In

order to distinguish these CXCR4-using T cell-tropic viruses, the remaining CCR5-using

(R5) isolates were collectively called macrophage-tropic (M-tropic) viruses, based on the

observation that at least some of these isolates could enter and, in some cases, replicate in

macrophages. Thus, the early analyses of sexually and vertically transmitted HIV-1 suggested

that transmitted/founder viruses are predominantly macrophage tropic (137, 138). These find-

ings were supported by early studies suggesting that macrophages are the initial target cell for

sexual transmission (139) and by observations that cervical explants could be infected by the

macrophage-tropic virus Ba-L and not by two T cell-tropic strains (140). More recent studies,
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however, have contradicted this viewpoint by showing that infectious molecular clones (17,

141, 142) and env gene clones (16) generated from transmitted/founder viruses are predomi-

nantly CCR5-using viruses and infect monocyte-derived macrophages (MDMs) at levels well

below those of prototypic macrophage-tropic viruses.

Uncertainty about the nature of most R5 viruses also comes from the study of macrophage-

tropic HIV-1. A virus capable of replicating in MDMs was originally isolated from primary

lung cultures taken from an infant who died of AIDS (143). This virus, HIV-1Ba-L, was subse-

quently passaged on MDMs, where it likely adapted to replication in MDMs in culture. This

phenotype has been linked to the ability to infect cells with low levels of CD4 (15, 144-148),

and these types of viruses have most often been found in brain tissue of subjects who died

with neurologic involvement (146, 148-151). However, there are also reports of these viruses

being found in the blood (61, 152). A common observation in studies using MDMs is that

they vary in the capacity to support HIV-1 entry, and this variability is usually dealt with by

including several donors in a study. The lack of a quantifiable phenotype to measure viruses

that enter macrophages with various efficiencies has left the concept of macrophage-tropic

viruses vague and inconsistently applied to a wide variety of isolates, thus obscuring the role

of these variants in transmission and pathogenesis.

In this study, we addressed this uncertainty by identifying phenotypes that differentiate

viruses that have evolved in vivo to replicate in macrophages from those that replicate in T

cells. We accomplished this by examining the entry phenotypes of well-characterized pairs

of macrophage- and T cell-tropic viruses isolated from five subjects, as represented by cloned

env genes. The macrophage-tropic viruses were all derived from cerebrospinal fluid (CSF),

where the virus was previously shown to decay very slowly after initiation of antiretroviral

therapy (60), indicating that the virus was being produced by long-lived cells, presumably

either perivascular macrophages or microglia (153). In contrast, the T cell-tropic viruses

were blood-derived viruses from the same subjects and decayed rapidly after the initiation of

therapy, indicating that they were being produced by short-lived cells, presumably CD4+ T
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cells. By carefully examining the entry phenotypes of these viruses, we were able to show

that the evolutionary transition from replication in CD4+ T cells to replication in macrophages

selects for an increased ability to infect cells expressing low levels of CD4 but does not alter

the ability to infect cells expressing low levels of CCR5. We observed distinctive macrophage-

tropic and T cell-tropic phenotypes by using a CD4 titration curve, which is possible with the

CD4- and CCR5-inducible Affinofile cell line (154). We also show that infection of MDMs

in vitro is an inconsistent assay for defining a macrophage-tropic phenotype. As a result, T

cell-tropic viruses may appear to be macrophage tropic when infecting MDMs from some

donors/preparations and T cell tropic on others, and some macrophage-tropic viruses may

show the reverse. Collectively, these studies provide a more quantitative definition of HIV-1

macrophage tropism, which will allow a more accurate identification of these variants that

will lead to an improved understanding of their role in viral pathogenesis.

2.3 Materials and Methods

2.3.1 Study subjects

In this study, we examined the entry phenotypes of previously generated env gene clones

amplified from the blood and CSF of subjects infected with HIV-1 subtype B (61). These

subjects participated in a study of HIV-associated dementia (61) at the University of Califor-

nia at San Francisco. Procedures for sample collection (155), viral decay assays (60), and

cloning (61) (see below) have been described previously. All samples were collected with

written informed consent, and all protocols were approved by institutional review boards at

the collection sites.

Five of these subjects were diagnosed with neurological disease (stages 1 to 3) (Table 2.1)

(61), and we consider the viruses in their CSF to be M-tropic based on measurements made

both in vivo and in vitro For four of the subjects (subjects 4013, 4059, 5002, and 7115), the

CSF viral load decayed slowly upon initiation of antiretroviral therapy (60), and the env clones

derived from the CSF mediated the infection of MDMs very efficiently (61), thus indicating
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that these clones are replicating in long-lived cells in vivo and are well adapted to entry into

macrophages (using viruses pseudotyped with these Env proteins). Conversely, the blood viral

loads of these subjects declined rapidly after initiation of therapy, indicating production from

short-lived cells (60), and blood-derived clones from these subjects mediated the infection

of macrophages very poorly, although this varied by the donor source for the MDMs (61).

We consider these clones to be T cell-tropic viruses and indicate them as R5 (for four of the

subjects) or X4 (for subject 5002) viruses, based on their coreceptor specificity. It is important

to note this distinction of R5 T cell-tropic viruses, which are typically not accounted for in

the literature; however, for simplicity, we will refer to these five rapid-decay viruses as T

cell-tropic without specifying their coreceptor usage. We also included a subject (4051) who

had a mixture of T cell-tropic and M-tropic viruses in the CSF, and we observed that the M-

tropic lineage in the CSF of this subject increased in abundance relative to the T cell-tropic

lineage with the initiation of therapy (unpublished data), consistent with its production from

long-lived cells. Thus, we have a well-validated set of five CSF-derived, M-tropic env clones

and paired blood-derived env clones that represent viruses that were growing in T cells and

the majority of which are CCR5-using. We used these pairs of clones to develop a quantitative

description of CD4 dependence for entry for two types of viruses: M-tropic and T cell-tropic

viruses (see below).

We also examined env clones from five of these subjects with R5 T cell-tropic HIV-1

subtype B in the blood and CSF (Table 2.2). Their blood and CSF viral loads declined rapidly

after the initiation of therapy, and env clones isolated from both compartments were unable

to efficiently infect macrophages (61). The remaining two subjects were infected with R5 T

cell-tropic HIV-1 subtype C. HIV env clones generated from the blood of these subjects were

unable to infect Affinofile cells expressing low levels of CD4 (20).
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2.3.2 Cloning of env genes

Two env clones Ba-L and JRCSF were obtained from the Division of AIDS, NIAID,

through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,

NIH. The remaining subtype B env clones were generated in a previous study (61). Here we

briefly review the single-genome amplification (SGA) and cloning procedures. An oligo(dT)

primer was used to generate cDNA from HIV-1 RNA isolated from blood plasma or CSF. SGA

(156-158) was then used to amplify full-length env sequences through the 3 U3 region. After

one round of SGA, amplicons were reamplified, gel purified using a QIAquick gel extraction

kit (Qiagen), and cloned into the pcDNA 3.1D/V5-His-TOPO expression vector (Invitrogen)

by use of a pcDNA 3.1 directional TOPO expression kit (Invitrogen) and Max Efficiency Stbl2

competent cells (Invitrogen). An additional set of env clones representing the transmitted virus

in the context of heterosexual transmission of subtype C HIV-1 (20) was also included in the

study of infection of MDMs.

2.3.3 Cells

293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM) with 4.5 g/liter

glucose (Cellgro) supplemented with 10% fetal bovine serum (FBS), 50 U/ml of penicillin,

and 50 µg/ml streptomycin. Affinofile cells (154) were maintained in DMEM with 4.5 g/liter

glucose (Cellgro) supplemented with 10% dialyzed FBS (12 to 14 kDa; Atlanta Biologicals)

and 50 mg/ml blasticidin (Invitrogen).

At three time points, monocytes were isolated from healthy donors. Approximately 40

ml of blood was collected from each donor into heparin-treated tubes. Buffy coats were pu-

rified using Ficoll-Paque Plus (GE Healthcare) following the manufacturer’s directions. We

then used negative selection to isolate monocytes (EasySep human monocyte enrichment kit

without CD16 depletion; StemCell Technologies). Monocytes were resuspended and cultured

in RPMI 1640 supplemented with 10% FBS, 100 mg/ml of penicillin and streptomycin, and

10 ng/ml recombinant human macrophage colony-stimulating factor (M-CSF; Gibco). Mono-
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cytes were then plated at a density of 1.1 106 cells per 60- by 15-mm dish (6 ml medium per

dish) for flow cytometry and at 5 104 cells per well of a 48-well plate (0.5 ml medium per

well) for infection. After 5 days, a partial medium change was performed. After an additional

2 days (for a total of 7 days), cells were either infected or processed for flow cytometry.

2.3.4 Flow cytometry

CD4 and CCR5 expression levels on Affinofile cells, monocytes, CD4+ T cells, and MDMs

were quantified using flow cytometry. In order to avoid disrupting surface receptors, Affinofile

cells and MDMs were removed from their culture dishes by nonenzymatic methods. Affi-

nofile cells were removed using cold phosphate-buffered saline (PBS; CellGro), and MDMs

were removed using cell dissociation buffer (Gibco). Affinofile cells and MDMs were stained

with Fixable Aqua dead cell stain (Invitrogen) and saturating concentrations of either phy-

coerythrin (PE)-conjugated anti-human CD4 antibody (clone RPA-T4; BD Biosciences) or

PE-conjugated mouse anti-human CCR5 antibody (clone 2D7; BD Biosciences). CD4 ex-

pression and CCR5 expression on primary cells were quantified by staining peripheral blood

mononuclear cells (PBMCs) with Brilliant Violet 421-conjugated anti-human CD3 antibody

(clone UCHT1; BD Biosciences), allophycocyanin (APC)-Cy7-conjugated anti-human CD14

antibody (clone MP9; BD Biosciences), and saturating concentrations of either PE-conjugated

anti-human CD4 antibody (clone RPA-T4; BD Biosciences) or PE-conjugated mouse anti-

human CCR5 antibody (clone 2D7; BD Biosciences). QuantiBRITE beads (BD Biosciences)

were then used to translate the mean fluorescence per cell to the number of CD4 or CCR5

antibody binding sites (ABS) per cell. Six bead standards of known size (flow cytometry

size calibration kit; Invitrogen) were used to translate measurements of forward scatter into

estimates of cell diameter. All flow cytometry assays were performed using a Cyan flow

cytometer (Beckman Coulter) and analyzed using FlowJo software (version 9.3.1).
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2.3.5 Env-pseudotyped virus stocks

Env-pseudotyped luciferase reporter viruses were generated by cotransfecting 100- by 20-

mm dishes of 293T cells with 5 µg of an HIV-1 env clone, 5 µg of pNL4-3.LucR-E plasmid

(obtained from the Division of AIDS, NIAID, through the NIH AIDS Research and Reference

Reagent Program, Division of AIDS, NIAID, NIH), and 30 µL of the FuGENE 6 transfection

reagent (Promega). At 5 h posttransfection, the medium was changed and the cells were

incubated at 37◦C for an additional 43 h. Viral supernatants were then harvested, filtered

through a 0.45-µm filter (Millipore), and stored at 80◦C. Virus stocks were not subjected to

multiple freeze-thaw cycles.

2.3.6 Affinofile cell assays

(159). Affinofile cells were plated at a concentration of 1.8 * 104 cells/well in black poly-l-

lysine (Sigma)-treated 96-well plates. After 24 h in culture, ponasterone A (Pon A; Invitrogen)

and doxycycline (Doxy; Sigma) were added at various concentrations to the medium to induce

CD4 and CCR5 expression. Twenty hours later, the medium was replaced with medium lack-

ing Pon A and Doxy, and virus was added to the plates. Cells were spinoculated at 2,000 rpm

for 2 h at 37◦C and then incubated at 37◦C. After 48 h, the cells were washed twice with PBS

and lysed with 50 µL of 1 reporter lysis buffer (Promega), and the lysate was stored at 80◦C.

Virus entry was then assessed by thawing the lysates and quantifying luciferase expression by

using a luciferase assay system (Promega).

CD4 usage was examined by infecting Affinofile cells expressing 10 levels of CD4 and a

single, high level of CCR5. Affinofile expression of CD4 ranged from uninduced ([Doxy] = 0

ng/ml) to maximally induced ([Doxy] = 6 ng/ml), with eight levels in between (0.07, 0.1, 0.2,

0.3, 0.5, 0.7, 1.0, and 1.5 ng/ml Doxy). CCR5 expression was maximally induced ([Pon A] =

5 µM.

CCR5 usage was examined by infecting maraviroc-treated Affinofile cells expressing a

single, high level of CD4 ([Doxy] = 6 ng/ml) and either a high ([Pon A] = 5 µM or low ([Pon
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A] = 0 µM level of CCR5. One hour prior to spinoculation, maraviroc was serially diluted

and added to cells at 10 concentrations (0, 1.7, 8.2, 41.2, 123.5, 370.4, 1,111.1, 3,333.3,

10,000, and 50,000 nM maraviroc). After spinoculation, the maraviroc-containing medium

was removed from each well and replaced with fresh medium.

2.3.7 Titration of virus stocks

Virus stocks were titrated by infecting Affinofile cells expressing the maximum levels of

CD4 ([Doxy] = 6 ng/ml) and CCR5 ([Pon A] = 5 µM. We then calculated the volume of

each virus stock that generated 800,000 relative light units (RLU) of luciferase expression

when infecting maximally induced Affinofile cells. This quantity of virus, which was in the

linear range for measuring infectivity, was used in all subsequent experiments infecting either

MDMs or Affinofile cells.

2.3.8 Cell-cell fusion assay

A luciferase-based gene reporter assay was used to assess the ability of Env proteins to

mediate cell-cell fusion (160, 161). Briefly, quail QT6 cells were transfected with individual

HIV-1 env expression vectors by using CaPO4 and then infected with a vaccinia virus ex-

pressing T7 RNA polymerase for 18 h. A second population of QT6 cells was transfected to

transiently express human CCR5 and/or human CD4, or neither; all cells in the second pop-

ulation of QT6 cells were also transfected with the luciferase gene under the control of a T7

promoter and with a green fluorescent protein (GFP)-expressing vector to monitor transfection

efficiency. The Env-expressing cells were then mixed with the receptor/coreceptor-expressing

cells. Eight hours later, the cells were lysed, and luciferase expression was measured (repre-

sented in figures as mean RLU) with a luminometer. In this experimental design, luciferase

activity is recorded as a function of the cells expressing the T7 RNA polymerase fusing with

the cells expressing the luciferase gene under the control of the T7 RNA polymerase promoter.
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2.3.9 Statistical analyses

All statistical analyses were performed using R statistical software (version 2.14.1). Model

fitting of infection data was performed using the R statistical package (drc) designed to analyze

dose-response models (drm). These analyses fit a four-parameter, log-logistic model to the

data.

2.4 Results

2.4.1 Affinofile cells readily distinguish M-tropic and R5 T cell-tropic viruses based on differ-

ences in sensitivity to surface CD4 levels

Affinofile cells have been engineered to have inducible and titratable levels of CD4 and

CCR5, and they express CXCR4 constitutively. In our previous study, we showed that the

ability to maintain a moderate level of infectivity on Affinofile cells with the uninduced level

of CD4 on the surface was related to efficient infection of macrophages and the slow decay

of viral load in the CSF (61). Here we explored the phenotype of CD4 dependency across

the entire range of CD4 concentrations available using Affinofile cells. The sensitivity to

CD4 level of viruses pseudotyped with different Env proteins was assessed by measuring

their ability to infect Affinofile cells induced to express 10 CD4 levels (ranging from 1,425 to

81,649 CD4 molecules per cell, inferred as antibody binding sites per cell). The shape of the

infectivity curve as a function of CD4 density (four-parameter, log-logistic curve) differed for

comparing the M-tropic viruses to the R5 (and one X4) T cell-tropic viruses isolated from the

same subject (Figure 2.1a; Table 2.1).

There are three features of these titration curves that distinguish the two groups of viruses:

(i) the M-tropic viruses retained the ability to infect cells at the lowest level of CD4 expression

(1,425 CD4 molecules per cell), at 16 to 24% of their infectivity on high-CD4-expressing cells

(81,649 CD4 molecules per cell), while the T cell-tropic viruses infected Affinofile cells with

low levels of CD4 at only 0 to 2% of their infectivity on high-CD4-expressing cells (tpaired
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Figure 2.1: Dose-response curves for infectivity of M-tropic and T cell-tropic viruses to
Affinofile cells expressing various densities of CD4. The sensitivity of pseudotyped viruses
to CD4 levels was assessed by measuring their ability to infect Affinofile cells expressing 10
CD4 levels (1,425; 4,590; 4,981; 9,374; 22,667; 33,842; 46,204; 58,153; 69,897; and 81,649
CD4 ABS per cell), with CCR5 fully induced. (A) env genes were isolated from viruses in
the blood and CSF of subjects who had rapid decay of virus in the blood but slow decay
of virus in the CSF with the initiation of anti-HIV-1 therapy (61). These env genes were
used in a transfection protocol to generate pseudotyped viruses that carried a reporter gene
(luciferase). Equal amounts of virus were used at each CD4 level, and the level of infectivity
at the highest level of CD4 was taken as 100%. The highest value was within the linear
region of the dose-response curve for infectivity for each virus. The lines for each virus were
generated by the R statistical package (drc) designed to analyze dose-response models (drm).
Red lines represent viruses pseudotyped using env genes generated from viruses in the blood.
Blue lines represent viruses pseudotyped using env genes generated from viruses in the CSF.
(B) A similar analysis was done by comparing viruses from the blood and CSF of subjects
who had rapid decay of virus in both the blood and CSF after the initiation of therapy (61).
The stage designation for each subject refers to AIDS dementia complex staging, where 0 =
neurologically asymptomatic, 1 = mild neurological impairment, and 2 and 3 = moderate to
severe HIV-associated dementia (HAD) (61).
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Table 2.1: CD4 sensitivities and fusogenicities of env clones derived from subjects with slow viral decay after
initiation of therapya

CD4 usage curve data

% Infectivity at lowest CD4 density CD4 ED50 (ABS/µm2) Hill slope
Ability to fuse to cells

expressing CD4 and CCR5 (RLU)

Plasma CSF Plasma CSF Plasma CSF Plasma CSF

Subject T-tropic M-tropic Differenceb T-tropic M-tropic Differenceb T-tropic M-tropic Differenceb T-tropic M-tropic Differenceb

4013 0.4 15.9 −15.5 19.9 15.7 4.2 3.1 2.6 0.5 83.4 80.9 2.5

4051 1.5 19.7 −18.3 20.9 15.3 5.6 3.3 3.9 −0.6 86.7 234.3 −147.6

4059 0.9 22.8 −22.0 17.0 13.6 3.4 3.1 3.1 0.0 43.1 177.9 −134.8

5002 1.0 21.4 −20.4 18.2 17.9 0.3 2.9 2.3 0.6 24.4 141.9 −117.5

7115 0.1 23.5 −23.4 24.6 18.6 6.0 3.8 3.2 0.6 14.5 188.9 −174.4

a See Fig. 1A

b Significant difference between paired CSF and plasma clones (paired t test; P <0.02).

= 14.29; degrees of freedom [df] = 4; P value = 0.00014); (ii) the CD4 level that increased

infectivity by 50% (CD4 ED50) was significantly lower for the M-tropic viruses than for the

paired T cell-tropic viruses (tpaired = 3.84; df = 4; P value = 0.018); and (iii) in most cases,

the M-tropic virus approached a plateau level of infectivity at a lower CD4 density than that

with the paired T cell-tropic virus. We observed a similar pattern of CD4 utilization for the

prototypic M-tropic virus Ba-L (data not shown).

We repeated the above-described assays using T cell-tropic env clones isolated from the

blood and CSF of five subjects who lacked M-tropic HIV-1 in the CSF (Figure 2.1b; Table

2.2). We observed that pseudotyped viruses generated using these CSF- and blood-derived

env genes did not differ in their minimal ability to infect Affinofile cells expressing the lowest

CD4 level (tpaired = 1.25; df = 4; P value = 0.28) or in the CD4 level that increased infectivity

by 50% (tpaired = 0.71; df = 4; P value = 0.52). Also, there was no pattern of difference in the

approach to a plateau of infectivity at the highest CD4 levels. Thus, the ability to infect cells

expressing low levels of CD4 (and the differences in the other parameters) is not specific to

CSF-derived clones but rather is specific to the M-tropic clones generated from viruses being

produced in vivo by long-lived cells. Also, we interpret these results to represent two distinct

phenotypes for M-tropic and T cell-tropic viruses and not simply part of a continuum among
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isolates in the ability to use differing densities of CD4.

Table 2.2: CD4 sensitivities of env clones derived from subjects with rapid viral decay after initiation of
therapya

% Infectivity at lowest CD4 conc. CD4 ED50 (ABS/µm2) Hill slope

Plasma CSF Plasma CSF Plasma CSF

Subject T-tropic T-tropic Difference T-tropic T-tropic Difference T-tropic T-tropic Difference

4012 1.0 0.6 0.4 24.9 21.0 3.9 3.5 3.0 0.5

4030 0.5 3.1 −2.6 21.1 16.9 4.2 3.2 2.9 0.3

4033 1.0 2.3 −1.3 16.5 16.8 −0.3 3.6 2.5 1.1

5003 1.0 0.5 0.5 17.8 21.5 −3.7 3.5 2.9 0.6

7036 0.2 0.8 −0.6 19.9 18.8 1.1 6.8 3.5 3.3

a See Fig. 1B.

2.4.2 Titration of CD4 density on Affinofile cells mimics the densities of CD4 on CD4+ T cells,

macrophages, and monocytes

Given that Affinofile cells provide a clear phenotypic distinction between viruses produced

in the central nervous system (CNS) from long-lived cells and viruses present in the blood

(Figure 2.1a), we next determined if the density of CD4 on Affinofile cells was similar to the

density on the target cells for HIV-1 replication. We used an anti-CD4 antibody to stain CD4+

T cells, monocytes, MDMs, and Affinofile cells either fully induced for CD4 expression or

uninduced (Figure 2.2a). The amount of antibody bound to each cell was estimated by creating

a standard curve with a control set of fluorescent beads. We also estimated the sizes of the

cells by using forward scatter and size standard beads. We found that T cells and macrophages

had similar numbers of CD4 molecules on the surface but that CD4+ T cells were significantly

smaller than MDMs (Figure 2.2b). Monocytes had a small number of CD4 molecules on

the surface and also had a small cell diameter, and the Affinofile cells had a similarly small

number of CD4 molecules on the cell surface in the uninduced state and much higher levels in

the induced state. We normalized the number of CD4 molecules on the surface by using the
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surface area of the cell to obtain the density of CD4 per µm2 (Figure 2.2c). This showed that

the uninduced Affinofile cells had a density of CD4 that was several-fold lower than that on

monocytes or MDMs (0.7 versus 3.1 or 3.4 CD4 ABS/µm2), and these three cell types were

approximately 18- to 90-fold lower in CD4 density than the fully induced Affinofile cells (64

CD4 ABS/µm2). Also, the CD4 density on fully induced Affinofile cells approximated but

was still less than the density on CD4+ T cells (78 CD4 ABS/µm2). Figure 2.2d summarizes

the CD4 densities on the different cell types and shows the approximate infectivity patterns for

M-tropic and T cell-tropic viruses as a function of CD4 density. These measurements show

that the titration of CD4 on Affinofile cells spans the range of CD4 densities found on relevant

target cells for HIV-1 infection. Composite CD4 usage curves were generated by fitting a

curve to the infectivity data for the five M-tropic clones and fitting a curve to the infectivity

data for the paired, T cell-tropic clones.

Infection of MDMs varies between different MDM cultures. Infection of MDMs is one

definition of macrophage tropism, and the ability to infect a cell with low levels of CD4 has

been used by some investigators as a surrogate marker for macrophage tropism. Infectivity of

MDMs can be variable, and typically, infections are repeated with at least two different prepa-

rations of MDMs to account for this variability, although how this variability is then reconciled

is usually not discussed. In an effort to understand the biological basis for this confounding

variability, we infected MDMs with pseudotyped viruses generated from 14 different env ex-

pression vectors and normalized their infectivity to the infectivity of the M-tropic virus Ba-L

(Figure 2.3). We infected a single preparation of MDMs from three donors (Figure 2.3a) and

three MDM preparations from one donor (Figure 2.3b). As expected, the normalized infec-

tivity of the prototypic R5 T cell-tropic virus JRCSF was extremely low (0.5 to 2% of that of

the M-tropic clone). In contrast, some of the T cell-tropic viruses infected the MDMs quite

well. Overall, normalized infectivity of the T cell-tropic viruses was much lower on MDMs

from the donors with the lowest CD4 levels (donors 1 and 4) (Table 2.3) than on MDMs from

the donor with the highest CD4 levels (donor 3) (Figure 2.3; Table 2.3). Thus, infection of
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Figure 2.2: CD4 densities on Affinofile cells approximate the densities of CD4 on CD4+

T cells, MDMs, and monocytes. (A) Affinofile cells were either uninduced or induced to
express the highest level of CD4 on the cell surface. Data shown are flow analysis results
for uninduced Affinofile cells and fully induced cells. CD4 was quantified as the number of
ABS per cell, based on fluorescence calibration using a fluorescent bead standard curve. Cell
size was also estimated based on forward scatter and compared to a bead standard curve. (B)
Affinofile cells at the uninduced and induced levels, monocytes, MDMs, and CD4+ T cells
were compared by the number of CD4 molecules (ABS) per cell and the cell size, based on
diameter. (C) Expression of CD4 as a function of density was plotted for different cell types
(uninduced and induced Affinofile cells, CD4+ T cells, monocytes, and MDMs). This analysis
shows that uninduced Affinofile cells have a CD4 density that is slightly lower than those of
MDMs and monocytes, while fully induced Affinofile cells have a CD4 density that is slightly
lower than that of CD4+ T cells. (D) Patterns of entry by M-tropic viruses (blue) and T cell-
tropic viruses (red), combined from the data in Figure 2.1 to generate average dose-response
curves for infectivity as a function of CD4 density. The CD4 densities of monocytes, MDMs,
and CD4+ T cells are indicated, along with the extremes of CD4 densities on uninduced and
fully induced Affinofile cells.

MDMs from some donors can give a discrepant entry phenotype compared to the definition

obtained using Affinofile cells.

2.4.3 Macrophage-tropic viruses are able to use low levels of CD4 but are not CD4 independent

It is possible that the residual level of infectivity seen at the lowest density of CD4 on

Affinofile cells is actually CD4-independent entry. To determine whether the Envs from the

CSF-derived viruses were capable of CD4-independent entry, we evaluated the ability of these

Envs to mediate fusion with cells expressing CD4 and CCR5 or CCR5 alone. In this assay,

one cell type expresses the receptor and coreceptor, while another cell type expresses the

viral Env protein. Upon mixing of the cell populations, the Env protein engages the receptor
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Figure 2.3: Pseudotyped virus infectivity of MDMs differs across both MDM donors and
preparations. MDMs were infected with a panel of 14 pseudoviruses: a prototypic M-tropic
virus (Ba-L), a prototypic R5 T cell-tropic virus (JRCSF), two R5 T cell-tropic viruses derived
from the blood of individuals infected with HIV-1 subtype C (20), five R5 T cell-tropic viruses
derived from the CSF of individuals infected with subtype B HIV-1 that decayed rapidly after
initiation of antiretroviral therapy (61), and five M-tropic viruses derived from the CSF of
individuals infected with subtype B HIV-1 that decayed slowly after initiation of antiretroviral
therapy (61). These pseudotyped viruses were used to infect preparations of MDMs made
from the blood of four different donors, drawn and processed in parallel on the same day (A),
and preparations of MDMs prepared from the same donor compared over three different blood
donations, each separated by several months (B). The amount of virus used in the infections
was standardized to give the same level of infectivity on fully induced Affinofile cells. The
level of infectivity with the virus pseudotyped with the Ba-L Env protein was used as 100%
infectivity, and infectivities of all other viruses were recorded as percentages of this value.
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Table 2.3: Receptor and coreceptor densities on MDMs

Receptor/coreceptor density (ABS/µm2)

Expt 1 Expt 2

Donor CD4 CCR5 CD4 CCR5

1 3.2 1.3 3.4 1.3

2 3.5 1.4

3 3.7 1.5

4 3.3 1.8

and coreceptor, thereby inducing fusion and providing a readout. As a positive control, we

used a lab-derived CD4-independent variant of R3A, iR3A, that is capable of mediating CD4-

independent fusion with cells expressing only CCR5. As expected, the Env protein from iR3A

mediated fusion of cells expressing CCR5 with or without CD4, and the Env proteins from the

T cell-tropic viruses isolated from plasma required both CCR5 and CD4 (Figure 2.4). Like the

Env proteins from the blood-derived viruses, all of the Env proteins from the CSF-derived M-

tropic viruses required both CCR5 and CD4 to mediate fusion (Figure 2.4). Thus, the residual

infectivity at low CD4 density of the macrophage-tropic viruses is still CD4 dependent. It is

worth noting that most of the Env proteins from the CSF-derived viruses consistently fused

cells to a greater extent than their paired blood plasma-derived counterparts (Table 2.1) (tpaired

= 3.73; df = 4; P value = 0.02). In a separate experiment (data not shown), we examined QT6

cells transfected with these constructs and found that they expressed very low CD4 densities

(CD4 ABS/µm2). Thus, the observation that CSF-derived Envs are more active in this fusion

assay system is likely due to their ability to utilize low CD4 densities.

In order to confirm that virus entry into Affinofile cells is CD4 dependent, we performed an

additional entry assay in the presence of an anti-CD4 antibody (leu3a). We treated Affinofile

cells expressing the lowest (uninduced) level of CD4 with the antibody and found that it

blocked both the very low levels of entry displayed by T cell-tropic viruses and the higher
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Figure 2.4: The evolution of macrophage tropism does not select for CD4-independent
entry QT6 cells were transfected with individual HIV-1 env expression vectors and infected
with a vaccinia virus expressing T7 RNA polymerase. A second population of QT6 cells
was transfected with vectors that express CCR5 and/or human CD4, or neither, and with a
luciferase expression vector. The two types of cells were then mixed, and 8 h later, the level
of luciferase was measured as an indication of cell fusion. Only the lab-derived positive
control (iR3Ap7cl43) was able to fuse with cells lacking CD4.

levels of entry displayed by macrophage-tropic viruses (data not shown). Thus, the enhanced

ability of macrophage-tropic HIV-1 to enter cells expressing low levels of CD4 is not due to

CD4-independent entry. In contrast, the antibody did not reduce entry of vesicular stomatitis

virus glycoprotein (VSV-G)-pseudotyped HIV-1 (which does not require CD4 or a coreceptor)

and did not completely block entry of a CD4-independent clone (iR3A) (which requires a

coreceptor, but not CD4).

2.4.4 M-tropic and R5 T cell-tropic viruses do not differ in the ability to use low levels of CCR5

. In a preliminary study, we examined whether M- and R5 T cell-tropic viruses differ in

the ability to infect cells expressing a low level of CCR5. We did this by infecting Affinofile

cells expressing high levels of CD4 ([Doxy] = 6 ng/ml; CD4 level = 85,055 ABS per cell) and

either high levels of CCR5 ([Pon A] = 5 µM CCR5 level = 30,472 ABS per cell) or low levels

of CCR5 ([Pon A] = 0 µM CCR5 level = 2,691 ABS per cell) with our four paired, R5 M-
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tropic viruses and R5 T cell-tropic viruses. Reducing CCR5 expression to its uninduced level

reduced infectivity by only 0 to 40% and did not reveal any consistent difference between M-

and T cell-tropic viruses (Table 2.4) (tpaired = 1.1; df = 3; P value = 0.37).

Table 2.4: Parameters describing CCR5 usage when CCR5 levels are lowa

Maraviroc sensitivity curve data

% Infectivity at lowest CCR5 conc. Maraviroc IC50 (nM) Hill slope Maraviroc resistance plateau

Subject T-tropic M-tropic Difference T-tropic M-tropic Difference T-tropic M-tropic Difference T-tropic M-tropic Difference

4013 86.5 96 −9.5 10.7 6.8 3.9 0.9 0.7 0.1 −1.6 −1.1 −0.5

4051 65.0 58.6 6.4 2.4 1.0 1.4 1.2 0.9 0.2 −0.8 1.2 −2.0

4059 132.3 99.6 32.7 10.7 2.8 7.9 0.9 0.8 0.1 −1.0 −1.5 0.5

5002 79.8 12.0 0.8 −2.4

7115 66.7 59.7 7.0 52.4 17.5 34.9 1.3 0.9 0.4 0.0 −2.6 2.6

a See Fig. 5A.

In order to thoroughly evaluate the sensitivity to CCR5 expression levels, we chose to treat

CD4high CCR5low Affinofile cells with the CCR5 antagonist maraviroc to titrate the available

CCR5 coreceptor molecules and then infect the cells with M- and T cell-tropic pseudotyped

viruses representing blood- and CSF-derived viruses from our five experimental subjects (Fig-

ure 2.5a). We compared the maraviroc sensitivities of the four R5 T cell-tropic viruses to those

of their paired M-tropic viruses (Table 2.4). Subject 5002 was excluded from this analysis be-

cause the T cell-tropic clone was previously shown to be a CXCR4-using virus (61). We

observed that the remaining four pairs of M- and R5 T cell-tropic viruses did not differ in the

50% inhibitory concentrations (IC50) of maraviroc (tpaired = 1.55; df = 3; P value = 0.22) or the

slopes of their maraviroc resistance curves (tpaired = 3.13; df = 3; P value = 0.052).

We also examined whether the evolution of macrophage tropism selects for viruses capable

of using a conformation of CCR5 that is insensitive to maraviroc (Figure 2.5b-c). Use of

this alternative conformation can be observed as partial resistance to maraviroc when CCR5

expression levels are high but not when they are low (20). This type of resistance cannot

be explained by use of an alternative coreceptor (e.g., CXCR4) but rather is due to use of

an alternative CCR5 conformation that is generated when CCR5 is expressed at high levels.
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Figure 2.5: The evolution of macrophage tropism does not select for an increased ability
to infect cells expressing low levels of CCR5 or the ability to use an alternative CCR5 con-
formation. (A) Affinofile cells expressing high CD4 and low/uninduced CCR5 were treated
with 10 different concentrations of the CCR5 antagonist maraviroc (193, 194) and then in-
fected with viruses pseudotyped using the five CSF-derived, M-tropic env clones (blue) and
the paired blood-derived, T cell-tropic env clones (red) from subjects with slow decay of virus
in the CSF with the initiation of therapy (as described in the legend to Figure 2.1). Differences
in sensitivity to maraviroc were observed only between the blood-derived, CXCR4-using virus
from subject 5002 and the paired CSF-derived, CCR5-using virus. The lack of difference in
maraviroc sensitivity between the M- and T cell-tropic viruses shows that the evolution to
infect macrophages does not select for the ability to use lower levels of CCR5. (B and C)
The same five R5 M-tropic pseudotyped viruses described for panel A (B) and five R5 T cell-
tropic CSF-derived clones (C) were used to infect Affinofile cells expressing high CD4 and
either low CCR5 (4,048 ABS per cell; solid blue lines) or high CCR5 (39,162 ABS per cell;
dashed blue lines) in the presence of 10 different levels of maraviroc. We previously observed
that expression of CCR5 at high levels on Affinofile cells results in a population of CCR5
molecules that can mediate entry for a subset of viruses even in the presence of maraviroc,
giving rise to a residual plateau of infectivity in the presence of the inhibitor (20) and describ-
ing an alternative entry phenotype for these viruses. When we compared M-tropic (B) and
R5 T cell-tropic (C) pseudotyped viruses with respect to the ability to use the alternative con-
formation of CCR5 for entry in the presence of maraviroc, we found no consistent difference
among the two groups of viruses, as indicated by a plateau of resistance in only one M-tropic
virus (4051) and one R5 T cell-tropic virus (4030).
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We identified two clones with this type of resistance. These clones were partially resistant

to maraviroc when infecting CD4high CCR5high Affinofile cells (CD4 level = 141,450 ABS

per cell; CCR5 level = 39,162 ABS per cell) but were sensitive to maraviroc when infecting

CD4high CCR5low Affinofile cells (CD4 level = 141,450 ABS per cell; CCR5 level = 4,048

ABS per cell). One resistant clone was M-tropic (CSF clone from subject 4051), and one

was R5 T cell tropic (CSF clone from subject 4030). Thus, there is no consistent pattern

that distinguishes R5 T cell-tropic viruses from M-tropic viruses in their ability to use this

alternative form of CCR5.

2.5 Discussion

Assessing the cellular tropism of HIV-1 is complicated by the fact that isolates are highly

variable in their ability to infect target cells and target cells vary in their susceptibility to

infection. Thus, most tropism assays do not yield easily interpretable, binary results. This is

well illustrated by studies of macrophage tropism, which have revealed that viruses can vary

up to 1,000-fold in the ability to infect MDMs (15), with most being capable of some level

of infection (Figure 2.3). In addition, our study and other studies have shown that MDMs

are highly variable in their susceptibility to HIV-1 (Figure 2.3) (162, 163). These sources of

variation mean that assays that assess infection of MDMs do not yield unequivocal results that

clearly separate HIV-1 variants adapted to growing in CD4+ T cells, with their high levels of

CD4, from viruses that have evolved the ability to grow in cells with low levels of CD4, such

as macrophages. We have attempted to provide a more rigorous definition of both an entry

assay that can identify the evolutionary step that allows entry using low levels of CD4 and

examples of viruses that have undergone that evolutionary step to validate the assay.

MDMs themselves are only a representation of the heterogeneous populations of cells that

collectively represent macrophage-like cells in the body. The vast majority of macrophages

are found in tissue, where they differentiate either from progenitor cells that migrated into the

tissue during embryonic development or from blood-derived monocytes (164). In the central
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nervous system, for example, microglia are the predominant macrophage-like cells in the brain

parenchyma (165) and are derived from precursors that colonize the brain during embryonic

development (166, 167). Their location allows microglia to survey the brain for pathogens and

to promote brain development and homeostasis by performing tasks such as synaptic pruning

(168) and phagocytosis of apoptotic neurons (169). In contrast, perivascular macrophages

are located in the perivascular (Virchow-Robin) spaces of blood vessels that traverse the

central nervous system and are derived from monocytes that migrate from the blood (170).

Their position ensures that they are often the first immune cells that pathogens encounter af-

ter breaching the blood-brain barrier. As a result, they are exposed to more pathogens than

cells elsewhere in the brain and may be more likely to be infected by HIV-1. Consistent

with this possibility, a study of simian immunodeficiency virus (SIV)-infected brains found

that perivascular macrophages are infected more often than microglia (171). Similarly, the

liver has macrophage-like resident cells, i.e., Kupffer cells, that migrate into the liver during

embryonic development (167, 172) and can have an influx of macrophages as the result of

inflammation. These observations point out that ontogeny and anatomical location influence

macrophage function and, potentially, relevance to infection by HIV-1.

Macrophage function is further affected by the activation state, which can change rapidly

in response to changes in the signaling environment (173, 174). Macrophages have been clas-

sified as either M1 or M2, with activated M1 macrophages having proinflammatory, antimicro-

bial phenotypes and M2 macrophages having anti-inflammatory, wound-healing phenotypes

(175). It is now appreciated that even this dichotomy does not capture the full continuum

of macrophage phenotypes (176) and that additional macrophage diversity is generated from

the complex signaling environment (176) and from inherent differences, such as basal gene

expression (177), that alter how cells respond to signals. Together, cellular ontogeny, sig-

naling environment, activation state, and basal gene expression generate diverse macrophage

populations capable of performing a variety of functions.

The major function of CD4 is to act as a coreceptor with the T cell receptor in interac-
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tions with antigen-presenting major histocompatibility complex (MHC) class II complexes.

Since macrophages are antigen-presenting cells, the low levels of CD4 that are expressed on

macrophages cannot function in this role. Thus, it is not clear that the CD4 that is found on

macrophages is biologically significant (for the macrophages), although it has been proposed

(178) that CD4 in this context could serve an alternative function, as a coreceptor to and en-

hancer of signaling of Fc receptors. However, CD4 is not detected on macrophages of mice

(179), suggesting that its presence is dispensable. There is no information concerning whether

the different types of macrophages and macrophage-like cells in the body, or their different

activation states, vary in the level of surface CD4 expression. Thus, the use of monocytes that

are induced to differentiate in cell culture to measure viral entry phenotypes overly simpli-

fies what is likely to be a much more complex interaction between HIV-1 and macrophages

in vivo. In our own attempts to examine the levels of CD4 on macrophages, we have found

that they can vary between donors (Figure 2.3a; Table 2.3) and in the same donor at different

collection times (Figure 2.3b; Table 2.3). This makes it difficult to ascribe an entry pheno-

type consistent with macrophage tropism. Difficulty in assigning a clear macrophage-tropic

phenotype has also been reviewed by Duncan and Sattentau (180).

How does the range of CD4 densities spanned in our tropism assay compare to CD4 den-

sities expressed on MDMs and other potential target cells, at least as represented as primary

cells in culture? A common misconception about macrophages is that they express fewer CD4

molecules per cell than do T cells, when in fact they express similar numbers of receptors per

cell but express CD4 at much lower densities (CD4/µmol2). In this study, we confirmed (Fig-

ure 2.2b) the earlier observation that when exposed to M-CSF, monocytes can differentiate

into macrophages that express numbers of CD4 molecules similar to those expressed on T

cells (132), but we observed that their large size causes MDMs to have CD4 densities that are

approximately 20-fold lower than those of T cells (Figure 2.2c). Furthermore, we showed that

at their uninduced level, Affinofile cells express CD4 densities that are somewhat lower than

those of monocytes and MDMs, while at their maximum induction level they express CD4
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densities that are almost as high as that of T cells (Figure 2.2c). Thus, our assay roughly spans

the range of CD4 densities present on macrophages and T cells and reveals differences be-

tween viruses adapted to replication in cells that express very different CD4 densities (Figure

2.2d).

While manipulating CD4 densities on Affinofile cells serves as a tractable system for

testing entry phenotypes, accurately assessing those phenotypes also requires defining how

true macrophage-tropic viruses perform within that system. Studies using other systems have

shown that some brain-derived viruses are capable of replicating in macrophages and have

an increased ability to enter (148, 149, 181) and/or fuse with (147, 181) cells expressing low

levels of CD4. The ability to use low levels of CD4 for entry (148) has also been observed for

a small number of prototypical macrophage-tropic viruses previously generated by cocultur-

ing lung tissue (BaL) (87), brain tissue (JR-FL) (150), or PBMCs (Ada) (182) with primary

cells or by cloning viruses directly from brain tissue (YU-2) (183). It is worth considering,

however, whether coculturing with MDMs or PBMCs allowed some of these viruses to evolve

additional phenotypes that do not represent M-tropic viruses in vivo. We recently observed

this for Ba-L, which has a neutralization-sensitive phenotype (K. T. Arrildt, unpublished data)

that would likely be selected against in vivo A common feature of most of these M-tropic

clones is that they were not generated using endpoint dilution PCR to avoid PCR-mediated

recombination of the viral genomes that can obscure their original sequence organization in

vivo.

We previously generated a panel of env genes from viruses that were validated as being

derived from macrophage-tropic variants by multiple in vivo and in vitro measures, including

coming from a compartmentalized viral population in the CSF/CNS, being produced from

long-lived cells, and being able to infect macrophages and cells with low levels of CD4 (60,

61). In addition, the env genes were generated by endpoint dilution to avoid PCR-mediated

recombination, and in each case the CSF/CNS-derived viruses were paired with blood-derived

viruses from the same subject. We believe that these viruses are well-validated examples of
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variants that can evolve within the CNS in late-stage infection. We found that these viruses

largely fell into two distinct groups: T-tropic viruses with very low infectivities (2%) when

CD4 levels were low and M-tropic viruses that retained moderately high infectivities (15%)

even with low levels of CD4 (Figure 2.1a; Table 2.1).

Differences in infectivity remained pronounced for viruses infecting cells expressing all

but the highest levels of CD4, as seen by the M-tropic viruses having significantly lower CD4

ED50 values (Table 1). Thus, our assay is a reliable and quantitative method for distinguishing

M- and T-tropic viruses based on their capacity to infect cells expressing low CD4 densities.

Using these types of assay parameters, we have been able to show that most isolates of HIV-

1, including the transmitted virus (20), require high levels of CD4 for entry, indicating that

most of the time HIV-1 is replicating in CD4+ T cells, with their high densities of surface

CD4, and that the virus does not have the entry properties of viruses that have evolved to

infect macrophages. We have been able to identify rare examples of viruses with intermediate

entry phenotypes (29), although we do not know if this represents phenotypic variation or

evolutionary intermediates. Other investigators have also used Affinofile cells to identify a

low-CD4-density entry phenotype (184).

We argue that the ability to enter cells with a low density of CD4 must be the first pheno-

typic change for a lineage of macrophage-tropic virus, because this mediates the initial step

in the viral life cycle, i.e., entry. There may be other phenotypic adaptations to replication in

macrophages, but these will appear linked on genomes that encode an Env protein that can

enter cells with a low density of surface CD4. This reasoning leads to the conclusion that an

entry phenotype using a low density of CD4 is a necessary feature of macrophage tropism,

although it is not clear if this is the only viral function that must evolve to allow efficient

replication in macrophages in vivo. Since macrophage-tropic lineages appear to evolve infre-

quently, at least with respect to the bulk of viral replication in CD4+ T cells, the normal viral

gene products are not selected for function in macrophages but rather for function in T cells.

Conversely, the use of VSV-G pseudotypes to enhance entry into macrophages (or other cell
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types) to assess viral protein function obscures the fact that the protein being tested likely has

not been selected for function in that cell type.

Do macrophage-tropic viruses ever appear in the blood? We failed to find macrophage-

tropic variants in the blood of 62 subjects with intermediate levels of CD4+ T cells (20). How-

ever, in macaques that were depleted of CD4+ T cells at the time of infection, macrophages

were easily detected as being infected, and these animals had relatively high viral loads (185).

In macaques with end-stage disease that were infected with the X4 virus D12, there was clear

evidence of infection of macrophages in the lymph nodes (186). In a study by Gray et al.

(152), viruses isolated from the blood of patients late in infection (late R5 viruses) were found

to infect macrophages better than viruses isolated early in infection (early R5 viruses). These

late R5 viruses were found to have phenotypes similar to those of a prototypical macrophage-

tropic virus (Ada) and were thus inferred to be macrophage tropic. However, as noted above,

the use of MDMs can result in viruses being identified as macrophage tropic despite being

poorly adapted to infecting macrophages in vivo. Thus, the extent to which macrophage-

tropic viruses evolve outside the CNS and reach a significant fraction of the systemic viral

load remains an important question about HIV-1 pathogenesis.

Do R5 T cell-tropic viruses ever infect macrophages? The fact that most HIV-1 lineages

(in both the CNS and blood) are R5 T-cell tropic suggests that these lineages do not replicate

predominantly in macrophages. However, this does not indicate that these viruses exclusively

infect T cells. While macrophage-tropic HIV-1 is better overall at entering MDMs in vitro

(Figure 2.3), T cell-tropic viruses can enter MDMs at reduced levels. The effect that intermit-

tent infection of macrophages by T cell-tropic viruses, if it occurs, may have on pathogenesis

or latency is unknown.

We also examined several other entry-associated features of low-CD4-density entry. Using

a cell-cell fusion assay, we were able to show that both M- and T cell-tropic clones still require

CD4 and a coreceptor (CCR5 in this assay) for entry (Figure 2.4), indicating that the entry

activity of M-tropic viruses at low levels of CD4 does not represent CD4-independent entry.
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We also found that M-tropic and T cell-tropic viruses do not differ in the ability to infect cells

expressing low levels of CCR5, their overall sensitivity to CCR5 density (Figure 2.5a; Table

2.4), or their ability to utilize an alternative conformation of CCR5 (Figure 2.5b-c). These

findings are consistent with previous studies showing that macrophage tropism is not related

to sensitivity to the CCR5 antagonist TAK-779 (147, 148, 187).

Having a more quantitative assay to define macrophage-tropic viruses will help to bring

clarity to two other relevant issues. First, viruses with the ability to infect cells with low levels

of CD4 create independently replicating populations and potentially establish alternative types

of latently infected cells. The observation that initiating therapy causes these CD4low viruses

to slowly decay within the CSF of most subjects (152) indicates that they are produced from

long-lived, but not immortal, cells within the CNS. However, it is not known if these cells

(macrophages and/or microglia) can have latent infections that stochastically release virus

over time. If this were a significant reservoir, either in subjects currently on therapy or after

the introduction of purging strategies for latently infected CD4+ T cells, then the rebound virus

should be able to enter cells with low levels of CD4. Second, there are reports of infection

of cells that have no detectable CD4, such as astrocytes (188) and renal tubular cells (84,

189). It is not clear if low-level infectivity of these cell types (or other cell types) occurs with

M- or T-tropic HIV-1, although it has been reported that up to 10 to 20% of astrocytes are

infected in vivo (188), despite there being no evidence that HIV can replicate in these cells

(188, 190, 191). It is important to examine the entry phenotype of viruses reported to be in

these cell types to be able to conceptualize a pathway that could account for viral entry in the

absence of CD4. In this regard, a report that monocytes in the blood (with their low densities

of CD4) were infected with a virus that was unable to infect T cells (192) also deserves careful

examination, as this type of infection is the basis for the Trojan horse model for introduction

of virus into the CNS.

The use of Affinofile cells to profile the dependence of viruses on CD4 density to define

the entry phenotype will allow for a more rigorous identification of viral variants that have
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undergone the evolutionary step to be able to use low levels of CD4 in viral replication. Clar-

ifying when and where such viruses evolve will allow them to be placed more accurately in

the context of HIV-1 pathogenesis and latency. In addition, identifying the cell type in which

a virus is replicating will also allow an appropriate link to be made between selection for a

viral gene product function in the context of host cell interaction.
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CHAPTER 3

PHENOTYPIC CORRELATES OF HIV-1 MACROPHAGE TROPISM1

3.1 Overview

HIV-1 is typically CCR5-using (R5) and T cell-tropic (T-tropic), targeting memory CD4+

T cells throughout acute and chronic infection. However, viruses can expand into alternative

cells types. Macrophage-tropic (M-tropic) HIV-1 variants have evolved to infect macrophages,

which have only low levels of surface CD4. Most M-tropic variants have been isolated from

the central nervous system during late-stage chronic infection. We used the HIV-1 env genes

of well-defined, subject-matched M-tropic and T-tropic viruses to characterize phenotypic

features of the M-tropic Env protein. We found that, compared to T-tropic viruses, M-tropic

viruses infect monocyte-derived macrophages (MDMs) on average 28-fold more efficiently,

use low-density CD4 more efficiently, have increased sensitivity to soluble CD4 (sCD4), and

show trends toward sensitivity to some CD4 binding site antibodies, but no difference in sensi-

tivity to antibodies targeting the CD4-bound conformation. M-tropic viruses also displayed a

trend toward resistance to neutralization by monoclonal antibodies targeting the V1/V2 region

of Env, suggesting subtle changes in Env protein conformation. The paired M- and T-tropic

viruses did not differ in autologous serum neutralization, temperature sensitivity, entry kinet-

1The work described in this chapter was accomplished in collaboration with Celia C. LaBranche, Sarah B.
Joseph, Elena N. Dukhovlinova, William D. Graham, Li-Hua Ping, Gretja Schnell, Christa B. Sturdevant, Laura
P. Kincer, Macpherson Mallewa, Robert S. Heyderman, Annelies Van Rie, Myron S. Cohen, Serena Spudich,
Richard W. Price, David C. Montefiori, and Ronald Swanstrom. The work presented in this chapter was pre-
viously published and is reprinted/adapted from Arrildt K.T., et al. 2015. Phenotypic Correlates of HIV-1
Macrophage Tropism. J Virol 89:11294-311 with permission from American Society for Microbiology.
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ics, intrinsic infectivity, or Env protein incorporation. We also examined viruses with modestly

increased CD4 usage. These variants have significant sensitivity to sCD4 and may represent

evolutionary intermediates. CD4 usage is strongly correlated with infectivity of MDMs over

a wide range of CD4 entry phenotypes. These data suggest that emergence of M-tropic HIV-1

includes multiple steps in which a phenotype of increased sensitivity to sCD4 and enhanced

CD4 usage accompany subtle changes in Env conformation.

3.2 Introduction

HIV-1 host cell entry is determined solely by the Env virion surface protein. The Env

protein precursor, gp160, is cleaved into two proteins: the external gp120 protein and the

membrane spanning gp41 protein, which remain associated as a heterodimer and form trimers

of these heterodimers. Attachment of gp120 to the host CD4 receptor induces conforma-

tional changes in gp120 that allows a secondary interaction with the host CCR5 coreceptor.

CCR5 binding induces conformational changes in gp41, which promotes fusion of the viral

and cellular membranes. Because the Env protein is the sole determinant of target cell entry

specificity, any change in the cell types targeted must reflect a change in the properties of this

protein.

The vast majority of HIV-1 isolates sampled during acute and chronic infection are CCR5-

using T cell-tropic (R5 T-tropic) viruses, which are adapted to (16, 20, 98), and replicating

in (12-14) CD4+ memory T cells. R5 T-tropic viruses require the high densities of the CD4

receptor found on CD4+ T cells for efficient entry, and use the CCR5 coreceptor, which is most

abundant on the memory subset of CD4+ T cells. In approximately half of late-stage HIV-1

infections, a viral population evolves the ability to use CXCR4 as a coreceptor (124, 126, 195).

These CXCR4-using T cell-tropic (X4 T-tropic) viruses use CXCR4 to target CD4+ nave T

cells (196, 197), which express lower densities of CCR5 and higher densities of CXCR4

compared to CD4+ memory T cells (132, 198). Alternatively viral populations can evolve to

use lower densities of the CD4 receptor enabling more efficient entry of macrophages, which
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express CD4 at densities 20-fold less than is found on CD4+ memory T cells, but express

similar levels of the CCR5 coreceptor (99). Other studies have also observed that macrophages

express lower levels of CD4 than CD4+ T cells (132, 199). Most M-tropic variants use the

CCR5 coreceptor (R5 M-tropic), but X4 M-tropic viruses have been reported (200). Because

M-tropic variants are detected so rarely (17, 20), the true frequency and characteristics of

M-tropic viruses are only beginning to be explored.

Historically, M-tropic variants have been identified by detecting infection of monocyte-

derived macrophages (MDMs) in cell culture. However, different preparations of MDMs can

vary widely in their capacity to be infected varying both between different donors and from

the same donor at different times (99, 132). Because MDMs have a lower surface density

of CD4 than CD4+ T cells, which is a significant impediment to entry by T-tropic viruses

(18, 99, 147), it has been possible to use entry efficiency as a function of CD4 density to

identify viruses that have adapted to entering macrophages. Initially this was done using cells

engineered to have either high or low levels of CD4 (201). The dependence on receptor level

for viral entry can now be demonstrated most convincingly using the Affinofile cell line in

which the surface density of CD4 and/or CCR5 can be experimentally manipulated (154).

Using this approach, it has been possible to identify M-tropic viruses, most often isolated

from the CSF of subjects late in disease, by their ability to efficiently enter cells with low

CD4 densities (CD4low cells) as a surrogate marker for macrophage tropism (61, 99).

Although it is possible to observe differences in entry phenotype using MDMs, it is diffi-

cult to account for the inherent variability among both the viruses and the cells in unequivo-

cally assigning cellular tropism. Differences in how macrophage tropism is defined can lead

to substantially different observations about M-tropic viruses. Although it is widely observed

that M-tropic viruses are able to enter more efficiently at low CD4 densities (15, 61, 99, 145-

147, 202) and are more sensitive to neutralization by soluble CD4 (sCD4) (130, 203, 204)

compared to T-tropic viruses, few other characteristics are widely agreed upon. Similarly,

several amino acid changes in the HIV-1 Env protein have been associated with macrophage
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tropism (145, 181, 202, 203, 205-213), but the changes are not consistent across different

subjects when macrophage tropism is defined as a distinct set of evolutionary variants within

that subject (134). Furthermore, viruses isolated from the brain are sometimes referred to as

neurotropic but without a clear definition of what this means phenotypically other than being

located in the central nervous system (CNS) at the time of isolation.

In this study, we sought to gain insight into the mechanisms and consequences of evolving

macrophage tropism by investigating characteristics that are unique to M-tropic and T-tropic

viruses. We generated pseudotyped viruses using HIV-1 env clones from rigorously defined

M-tropic viruses and subject-matched R5 (and in one case X4) T-tropic viruses, which reduced

the effect of natural variation observed in viruses between subjects and allowed us to evalu-

ate the phenotypic consequences specific to the evolution of macrophage tropism. We first

sought to clarify the magnitude of improved entry efficiency of M-tropic variants for MDMs

by pooling data from a panel of MDM donors infected by our virus pairs. Next we carried

out neutralization assays using reagents that target the CD4 binding site (CD4bs) to evaluate

the accessibility of epitopes within the CD4bs after the evolution of macrophage tropism. To

evaluate the hypothesis that M-tropic Envs adopt an open conformation (similar to viruses

adapted to tissue culture) to enhance the interaction with CD4, we examined the overall sta-

bility of the Env protein at different temperatures and the ability of neutralizing antibodies to

access epitopes that are normally hidden on primary isolates. We also tested Env proteins for

neutralization by autologous sera to reveal differential contributions of the antibody-mediated

immune pressure to the evolution of macrophage tropism in the CNS compared to T cell

tropism in the blood. We assessed the relative incorporation of Env into the virus particle as

a potential mechanism for increasing interactions with target cell CD4 molecules. Finally,

we used a large panel of subject-matched pairs of Env-pseudotyped viruses with a range of

CD4-usage phenotypes to evaluate CD4 usage as a predictor of MDM infection. By compar-

ing CD4-usage and MDM infectivity, we identified a subset of viruses with an intermediate

entry phenotype that have increased sensitivity to sCD4 and may represent an evolutionary
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intermediate on the way to evolving the full macrophage tropism phenotype. Collectively,

this work provides new information about the nature of HIV-1 Env proteins that have evolved

to become macrophage-tropic.

3.3 Materials and Methods

3.3.1 Cells

293T cells and TZM-bl cells (214) were maintained in Dulbeccos modified Eagle medium

(DMEM) with 4.5 g/L glucose (Cellgro) supplemented with 10% fetal bovine serum (FBS),

100 U/ml penicillin, and 100 µg/ml streptomycin (Sigma). Affinofile cells (154) were main-

tained in DMEM with 4.5 g/L glucose (Cellgro) supplemented with 50 mg/ml blasticidin

(Invitrogen). Affinofile cells can be induced to express a range of CD4 densities on the cell

surface, which at maximum induction is similar to CD4 densities on TZM-bl cells (E. N.

Dukhovlinova and K. T. Arrildt, unpublished data) and approaches but is still lower than that

on CD4+ T cells (99).

Monocyte-derived macrophages (MDM) were prepared as previously described (99). Briefly,

blood was collected from four healthy donors. Buffy coats were prepared from whole blood

by centrifugation into a Ficoll gradient (Ficoll-Paque Plus, GE Healthcare). Monocytes were

isolated from the buffy coats by negative selection (EasySep human enrichment kit without

CD16 depletion, StemCell Technologies). Purified monocytes were maintained in RPMI 1640

medium (Cellgro) supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin

(Sigma), and 10 ng/ml recombinant human macrophage colony-stimulating factor (M-CSF,

Gibco).

Study subjects and sources of env gene clones. We examined env gene clones generated in

several studies including previously described clones generated from the blood and CSF of five

adult subjects infected with HIV-1 subtype B and diagnosed with HIV-associated neurological

disease (61), and from four pediatric subjects infected with HIV-1 subtype C and diagnosed

with delays in neurological development (29). We also examined new env clones that were
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generated from the blood and subject-matched CSF, semen, or cervicovaginal fluid (CVF) of

five subjects infected with HIV-1 subtype B or C (Table 3.1). In all cases, env gene amplicons

were generated from virion RNA by synthesizing cDNA and using end-point dilution PCR.

Selected amplicons were cloned into an expression vector (pcDNA3.1), and the env clones

were used in a transfection procedure to generate pseudotyped viruses.

3.3.2 Generation of pseudotyped viruses

293T cells were plated at a density of 2.5 x 106 cells in a 100-mm dish and incubated at

37◦C. After 18 - 20 hours, the 293T cells were transfected with 2 µg of an env expression

vector, 5 µg of pNL4-3.LucR-E- plasmid (obtained through the NIH AIDS Research and Ref-

erence Reagent Program, Division of AIDS, NIAID, NIH), and 30 µL FuGENE 6 (Promega)

in serum-free DMEM. After 5 hours, the medium was fully changed. After 48 hours, the

supernatant was collected, filtered through a 0.45 µm syringe filter (Millipore), and stored at

-80◦C in small, single-use aliquots. Virus stocks were not subjected to multiple freeze-thaw

cycles.

Virus stocks were titered on Affinofile cells induced to maximum expression of CD4 and

CCR5. Infectivity was measured using a Luciferase Assay System kit (Promega) and a lumi-

nometer (Veritas), which measures in relative light units (RLU). Titration curves within the

linear range of a virus dilution series were used to calculate the volume of viral stock result-

ing in 800,000 RLU , which is near the upper limit of the linear range, for each individual

virus. This virus-specific titration volume was used for infection of MDMs and Affinofile

cells. Alternatively, the volume of viral stock resulting in 150,000 RLU was used for infec-

tion of TZM-bl cells in neutralization assays (215). The p24-Gag concentration of viral stocks

was determined using the p24 AlphaLISA assay (PerkinElmer).
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Table 3.1: Source material and characteristics of HIV-1 env genes

Designation Subject env Clone Tissue1 Tropism2 Age Class Reference

4013T 4013 P9 Blood R5 T Adult [Schnell 2011]

4013M 4013 C7 CSF R5 M Adult [Schnell 2011]

4051T 4051 P25 Blood R5 T Adult [Schnell 2011]

4051M 4051 C3 CSF R5 M Adult [Schnell 2011]

4059T 4059 P26 Blood R5 T Adult [Schnell 2011]

4059M 4059 C19 CSF R5 M Adult [Schnell 2011]

5002T 5002 P10 Blood X4 T Adult [Schnell 2011]

5002M 5002 C1 CSF R5 M Adult [Schnell 2011]

7115T 7115 P6 Blood R5 T Adult [Schnell 2011]

7115M 7115 C21 CSF R5 M Adult [Schnell 2011]

27569T 27569 P-B10 Blood R5 T Adult (Joseph and Kincer)3

27569M 27569 C-A11 CSF R5 M Adult (Joseph and Kincer)3

30005T 30005 P-F10 Blood R5 T Adult (Joseph and Kincer)3

30005M 30005 C-C12 CSF R5 M Adult (Joseph and Kincer)3

S4007T 4007 P13 Blood R5 T Pediatric [Sturdevant 2012]

S4007Int. 4007 C02 CSF R5 Int. Pediatric [Sturdevant 2012]

S4013T 4013 P14 Blood R5 T Pediatric [Sturdevant 2012]

S4013Int. 4013 C14 CSF R5 Int. Pediatric [Sturdevant 2012]

S4049T 4049 P23 Blood R5 T Pediatric [Sturdevant 2012]

S4049Int. 4049 C03 CSF R5 Int. Pediatric [Sturdevant 2012]

S4058T 4058 P05 Blood R5 T Pediatric [Sturdevant 2012]

S4058Int. 4058 C12 CSF R5 Int. Pediatric [Sturdevant 2012]

D929T 929 PD11 Blood R5 T Adult (Dukhovlinova)4

D929Int. 929 VB7 CVF R5 Int. Adult (Dukhovlinova)4

D1361T 1361 P6G1 Blood R5 T Adult (Dukhovlinova)4

D1361Int. 1361 VE9 CVF R5 Int. Adult (Dukhovlinova)4

PC018T C018 PG11 Blood R5 T Adult (Ping)5

PC018Int. C018 S1B2 Semen R5 Int. Adult (Ping)5

a CSF, cerebrospinal fluid; CVF, cervicovaginal fluid.

b R5, CCR5 using; X4, CXCR4 using; T, T cell-tropic; M, macrophage-tropic; Int., intermediate.

c Unpublished sources: B. Joseph and L. P. Kincer, unpublished data; E. N. Dukhovlinova, unpublished data; L. Ping, unpublished data.
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3.3.3 MDM assay

Monocyte-derived macrophages (MDMs) were plated at a density of 5.0 x 104 cells per

well of a 48-well plate. Five days after plating, a 50% medium change was made. After an

additional two days, viruses were added to the well and the plates were centrifuged at 2000

rpm for 2 h at 37◦C. The plates were washed once with phosphate buffered saline (PBS),

washed once with medium, then a full medium change was done to remove unbound virus.

After 48 h, the cells were washed twice with PBS and lysed with 50 µL of Reporter lysis buffer

(Promega), and the lysate was stored at -80◦C. Virus entry was then assessed by thawing the

lysates and quantifying luciferase expression by using a luciferase assay system (Promega).

3.3.4 Affinofile cell assay

Assays were performed as described previously (159). Briefly, Affinofile cells were plated

at a density of 2.0 x 104 cells per well of a 96-well black plate (Costar) that had been pre-

treated with poly-L-lysine (75 µL of 0.1 g/L poly-L-lysine in PBS was added to each well,

plates were incubated at 37C, then the solution was removed before adding the cells). After

18 - 20 h, ponasterone A (Invitrogen) was added to the medium at a final concentration of

5 nM to induce maximum expression of CCR5, and doxycycline (Sigma) was added to the

medium at a ten different final concentrations ranging from no drug (minimal induction) to 5

ng/ml (maximum induction) to induce different levels of CD4 expression. After 20 additional

hours, the medium with the chemical inducers was replaced with normal medium (i.e. lacking

ponasterone A and doxycycline) and virus was added to the cells. The plates were centrifuged

at 2000 rpm for 2 h at 37◦C, then incubated at 37◦C. After 48 hours, the medium was removed

and the cells were washed once with PBS then lysed with 50 µL of Reporter lysis buffer

(Promega). The lysate was stored at -80◦C. Virus entry was then assessed by thawing the

lysates and quantifying luciferase expression by using a luciferase assay system for firefly

luciferase (Promega).
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3.3.5 Flow cytometry

Monocyte-derived macrophages (MDM) were plated at a density of 1.1 x 106 cells in a

60-mm dish. Affinofile cells were plated at a density of 1.8 x 105 cells in a well of a 24-well

plate. Cells were harvested for flow cytometry simultaneously with the infection of identically

treated cells for experiments that incorporate both measurements. Cells were removed from

culture dishes using non-enzymatic methods to avoid disruption of surface molecules. MDMs

were removed using Cell Dissociation Buffer (Gibco) and Affinofile cells were removed using

chilled PBS (CellGro). All cells were stained with Fixable Aqua dead cell stain (Invitrogen)

and saturating concentrations of phycoerythrin (PE)-conjugated anti-human CD4 antibody

(clone RPA-T4; BD Biosciences). We used QuantiBRITE beads (BD Biosciences), which are

conjugated with PE, as a standard to translate mean fluorescence per cell to the number of

CD4 antibody binding sites (ABS) per cell. Flow cytometry was performed using a Cyan flow

cytometer (Beckman Coulter) and analyzed using FlowJo software (version 9.3.1).

3.3.6 Neutralization assays

Neutralization assays using TZM-bl cells have been previously described (215). Briefly,

a neutralizing antibody, polyclonal serum, soluble CD4 (sCD4), or T20 was serially diluted

across a 96-well black plate (Costar). Virus was added at a single concentration (approxi-

mately 150,000 RLU) and incubated with the antibody, heat-inactivated serum, or sCD4 for

60 min at 37◦C. TZM-bl cells were added to a density of 1.0 x 104 cells per well and incubated

for 48 h at 37◦C. For the T20 time course, a single inhibitory concentration (50 µg/ml) of T20

was added at different times post infection. The cells were lysed with BriteLite (PerkinElmer)

and luciferase activity was assessed by measuring luminescence (Victor-Wallac luminome-

ter). Alternatively, the cells were washed once with PBS and lysed with 50 µL of Reporter

Lysis Buffer (Promega) for firefly luciferase reporter viruses or Renilla Luciferase Assay Ly-

sis Buffer for Renilla luciferase reporter viruses, and the lysate was stored at -80◦C. Virus

entry was then assessed by thawing the lysates and quantifying luciferase expression by using
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the Luciferase Assay System (Promega) for firefly luciferase reporter viruses or the Renilla

Luciferase Assay System (Promega) for Renilla luciferase reporter viruses.

To assay the stability of infectivity at different temperatures, virus was incubated at -80,

0, 25, 37, 49, or 60◦C for 1 h before adding TZM-bl cells and infecting as described above.

To test the rate of temperature inactivation as a function of time, viruses were incubated at

49◦C for up to 60 min or were incubated at 0◦C for up to 53 h before adding TZM-bl cells

and infecting as described above.

3.3.7 Western Blotting

To evaluate the relative quantities of Env on the surface of a virion, viruses were made as

described above, except that they were never frozen. After filtering, 8.0 ml of the cell medium

was centrifuged at 20,500 x g for 90 min at 4◦C to pellet the virus. The supernatant was

removed and the pellet was resuspended in PBS at 1/50 of the original volume. To denature

and inactivate the resuspended virus, 5X Laemmli buffer (312.5 mM Tris-Cl pH 6.8, 10%

SDS, 25% 2-mercaptoethanol, 0.01% bromophenol blue, 50% glycerol) was added to a final

concentration of 1X and incubated at 95◦Cfor 10 min.

The denatured virus was diluted 1:5 to detect Env and 1:50 to detect p24. Using a 4

- 20% polyacrylamide tris-glycine gel (Invitrogen), the denatured virus was loaded at seven

different volumes from 1 ul to 10 µL to create a titration curve. The gels were electrophoresed

at 100 V for 2 h and then transferred to polyvinylidene difluoride (PVDF) membranes by

electrophoresing at 150 mA per gel for 2 h. The PVDF membrane was blocked in 5% non-

fat dry milk (Bio-Rad) in tris-buffered saline (TBS) for 1 h at ambient temperature. The

blocking solution was decanted and fresh blocking solution was added. The primary antibody,

either a purified rabbit anti-gp140 IgG (generously provided by Dr. Nancy Haigwood, Oregon

National Primate Research Center, OHSU) or a purified rabbit anti-p24 antibody (NIH AIDS

Research and Reference Reagent Program), was added to the blocking solution at a final

dilution of 1:10,000 and incubated 16 h at 4◦C. The primary antibody and blocking solution
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were decanted. The PVDF was washed three times for 10 minutes with 0.03% Tween 20 in

TBS. Fresh blocking solution with the secondary antibody, horseradish peroxidase (HRP)-

conjugated goat anti-rabbit IgG (Bio-Rad), at a final dilution of 1:10,000 was added to the

PVDF and incubated at ambient temperature for 1.5 h. The PVDF was washed six times for

10 minutes with 0.03% Tween 20 in TBS. The HRP was detected using the ECL Prime kit

(GE Healthcare) and recorded by exposure to film (GE Healthcare) for 10 s, 20 s, 30 s, 60 s, or

5 min. After the film was developed, it was analyzed using ImageQuant TL (GE Healthcare).

Titration curves were made for each exposure time and the inference of relative amount was

made within the dynamic range of exposures for subsequent analyses.

3.3.8 Statistical analyses

All statistical analyses were calculated using Prism GraphPad software. A four param-

eter logistic equation (4PL; also called a sigmoidal dose-response with variable slope) was

used for all non-linear regression analysis, except for cold sensitivity, which followed an ex-

ponential decay. Log-transformed MDM infectivity values were analyzed by paired t-test.

Antibody and heat sensitivity IC50 values and cold sensitivity half-life values were analyzed

by Wilcoxon signed-rank test and values outside of the limit of detection of each assay were

reported at the limit of detection for the purposes of non-parametric comparison. CD4 usage

descriptive statistics and log-transformed IC50 values for sCD4 were analyzed by paired t-test,

except when comparing non-subject-matched intermediate viruses to M-tropic viruses where

the unpaired t-test was used.

3.4 Results

3.4.1 Identification of Macrophage-tropic and paired T cell-tropic HIV-1 env isolates

We used env gene expression vectors derived from one macrophage-tropic (M-tropic) and

one T cell-tropic (T-tropic) virus isolated from each of seven subjects (Table 3.1). Five of these

subject-matched pairs (from subjects 4013, 4051, 4059, 5002, and 7115) were previously de-
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scribed with the M-tropic viruses being classified using the following 3-fold definition (60,

61). First, the viruses were isolated from the cerebrospinal fluid (CSF) of subjects who had

slow viral load (VL) decay after initiation of antiretroviral therapy (ART), which implies that

the viruses were being produced from long-lived infected cells (e.g. macrophages/microglia)

that continued to produce viruses longer after new infections were blocked by ART, compared

to the rapid VL decay seen in the blood, consistent with virus produced from infected T cells.

Second, phylogenetic analysis of the env genes showed that these CSF viruses were geneti-

cally diverse and distinct from the T-tropic viruses found in the blood of the same subjects

(i.e. compartmentalized), implying that the CSF viruses were replicating actively and inde-

pendently from the viruses found in the blood. Third, reporter viruses pseudotyped with these

CSF-derived Env proteins were able to infect Affinofile cells expressing the minimum den-

sity of CD4 (CD4low Affinofile cells) more efficiently than reporter viruses with the subject-

matched blood-derived T-tropic Env proteins, indicative of viral evolution to infect cells with

a low surface density of CD4 such as macrophages within the central nervous system (CNS)

compartment. We have shown that infectivity in CD4low Affinofile cells is an assay that can

reliably identify M-tropic HIV-1 (61, 99) and provides a method amenable to high-throughput

screening. Post-therapy initiation samples were not available for the remaining two subjects

(27569 and 30005), thus their tropism was assessed by phylogenetic analyses (compartmen-

talization) and infection of CD4low cells.

Although Env proteins derived from these subjects were previously assessed in separate

studies (61, 99), we reanalyzed Env-pseudotyped viruses for entry phenotypes over a wide

range of cell surface CD4 densities, which are shown in Figure 3.1a using a semi-log plot to

display the data. Consistent with previous studies, the Env proteins from the M-tropic clones

were significantly better at mediating infection of cells expressing the lowest densities of CD4

(P value = 0.006). In addition, there are differences over the entire CD4 usage curves, which

also clearly distinguish the CSF-derived M-tropic viruses from the blood plasma-derived T-

tropic viruses. We found a 1.8-fold change in average Hill slope (Pvalue <0.0001) and a 2.7-
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fold change in the average CD4 EC50 (P value = 0.02), which indicates that the M-tropic Envs

are able to mediate entry with significantly fewer CD4 molecules than their paired T-tropic

Envs and confirms that CD4 receptor density is a potent restriction factor in Env-mediated

entry.

Because most of the variation in CD4 usage between viruses is represented by the ability

to enter using the minimum CD4 levels expressed on Affinofile cells, we can use a simpli-

fied CD4low usage assay in which virus infection of CD4low Affinofiles is normalized to in-

fection of CD4high Affinofiles (14, 22) to enable screening larger panels of viruses for CD4

usage. To assess the variation in pseudotyped virus preparations and evaluate the effects of the

env-deficient genome reporter construct, we pseudotyped five subject-matched pairs of env ex-

pression plasmids in triplicate with either a env-deficient Subtype B HIV-1 genome expression

plasmid encoding a firefly luciferase reporter (transfections 1-3) or an env-deficient Subtype C

HIV-1 genome expression plasmid encoding a Renilla luciferase reporter (transfections 4-6)

and performed a CD4low usage assay (Figure 3.1b). Overall, the results between transfec-

tions and with the different reporter constructs were similar with some detectable variation

in CD4low usage when the same env gene was pseudotyped with the different reporter con-

structs (i.e. 4013M and 4051M had somewhat higher CD4low usage values with the subtype

C reporter construct), which could be due to differences in the interactions between the Env

proteins and the structural proteins in the pseudoviruses or to variation in the Affinofile cells

between experiments (i.e. infection using the subtype B or subtype C reporter construct). For

each reporter construct, there was very little variation in CD4low usage between transfections

of the same env plasmid. This assay emphasizes the substantial difference in the ability of

M-tropic viruses to use low density CD4 compared with T-tropic viruses and reveals the high

fidelity of the CD4 usage assays.

64



Figure 3.1: Increased CD4 usage differentiates M-tropic viruses from T-tropic viruses (a)
Paired T-tropic and M-tropic env genes were used to pseudotype luciferase reporter viruses.
These paired viruses were then used to infect Affinofile cells expressing various levels of CD4
and infectivity was measured by the relative light units (RLU) produced by luciferase. CD4
densities were measured by flow cytometry and reported as the log10 value of antibody binding
sites (ABS) per cell. Infectivity is normalized to infectivity at the maximum induction of CD4
and fitted to a dose-response curve, which represents the CD4 usage of each virus and can
be described using the Hill slope and EC50 values. Viruses expressing T-tropic Env proteins
(T) are represented with closed symbols and solid lines. Viruses expressing M-tropic Env
proteins (M) are represented with open symbols and broken lines. Unique color and shape
combinations (as specified in the legend within the figure) identify the subjects from which
the env genes were isolated and these identifiers are maintained across all of the figures. M-
tropic Env proteins effected a 62-fold increase in average entry at the lowest density of CD4
over subject-matched T-tropic Env proteins (tpaired = 4.2, df = 6, P value = 0.006). M-tropic
Env proteins also had enhanced CD4 usage over the entire range of CD4 densities as described
by a 2.7-fold lower EC50 value (tpaired = 3.1, df = 6, P value = 0.02) and a 1.8-fold lower Hill
slope value (tpaired = 10., df = 6, P value <0.0001) compared to subject-matched T-tropic Env
proteins. (b) Five pairs of T-tropic and M-tropic env genes were pseudotyped in triplicate
with either a Subtype B (top, transfections 1-3) or Subtype C (bottom, transfections 4-6) env-
deficient HIV-1 genome containing a firefly (Subtype B) or Renilla (Subtype C) luciferase
reporter gene. The resulting sixty pseudoviruses (10 env vectors x 2 reporter vectors x 3
replicates) were used to infect CD4low Affinofiles and infectivity was reported as a fraction
on infectivity on CD4high Affinofiles (infected concurrently). The average standard deviation
across transfections for viruses pseudotyped with the Subtype B construct is 1.1% (a range
of 0.012% to 5.5%) and with the Subtype C construct is 2.9% (a range of 0.061% to 11%).
There were minor differences in the relative infectivity of viruses produced with the Subtype
B reporter versus those produced with the Subtype C reporter (SD of differences = 5.4%), but
these differences were not statistically significant (tpaired = 1.4, df = 9, P value = 0.21).

65



3.4.2 Macrophage-tropic Env proteins increase infectivity of monocyte-derived macrophages

28-fold over T cell-tropic Env proteins

To evaluate the extent to which infectivity of monocyte-derived macrophages (MDMs)

can distinguish M-tropic viruses from T-tropic viruses, we used this panel of seven paired

pseudotyped viruses to infect MDMs derived from four donors. Similar to previous reports

(99), we found that virus infectivity varied up to 5-fold across MDM donors (data not shown).

However, by pooling data from multiple donors we were able to estimate the magnitude of the

differential infectivity on MDMs for these two groups of viruses. When the relative infectivity

data was averaged across the four MDM donors and the seven virus pairs, we observed that

the ability of M-tropic viruses to infect MDMs was 28-fold higher than that of T-tropic viruses

(P value = 0.0004; Figure 3.2).

3.4.3 Macrophage-tropic Envs are potently inhibited by soluble CD4 and show a trend toward

enhanced sensitivity to CD4 binding site antibodies, but are not differentially inhibited by

a small molecule drug targeting the CD4 binding site

In order to better understand how the M-tropic Envs are able to mediate entry using lower

densities of CD4, we performed a competitive inhibition assay by incubating sCD4 with the

pseudotyped viruses prior to infection, then measured the relative infectivity (normalized to

the Envs incubated without sCD4) on TZM-bl cells (Figure 3.3a). The viruses pseudotyped

with M-tropic Envs were, on average, 27-fold more sensitive to sCD4 than those pseudotyped

with the paired T-tropic Envs (P value = 0.002), confirming that there is a statistically signif-

icant difference in how M-tropic Env proteins interact with CD4 compared to T-tropic Env

proteins. We then compared the values for our panel of 14 pseudotyped viruses (7 subject-

matched pairs of M- and T-tropic Env proteins) with our previously published data on a large

panel of acute and chronic subtype C Envs (20). The subtype B T-tropic Envs did not differ

significantly in their sensitivity to sCD4 relative to the acute or chronic subtype C Envs, sug-

gesting that the T-tropic viruses display sensitivity to sCD4 that is typical of plasma-derived
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Figure 3.2: M-tropic viruses are better adapted to infection of MDMs compared to T-
tropic viruses Paired T-tropic and M-tropic pseudotyped reporter viruses were used to infect
monocyte-derived macrophages (MDMs) isolated from four donors. Infectivity on MDMs
was normalized to infectivity on Affinofile cells expressing maximum CD4 levels. Normal-
ized infectivity values were averaged across donors for each virus and plotted. Closed symbols
represent T-tropic Env proteins (T) and open symbols represent M-tropic Env proteins (M)
with links between subject-matched pairs. Colors and symbol shapes identify the originating
subject as detailed in Figure 3.1. Comparing the mean infectivity of T-tropic and M-tropic
viruses revealed that M-tropic Env proteins confer a 28-fold increase in the average MDM
infectivity over subject-matched T-tropic Env proteins. Mean values are listed and marked
with broken lines. The log normalized values were compared between T-tropic and M-tropic
infectivity by paired t-test (tpaired = 7.0, df = 6, P value = 0.0004).

viruses.

The enhanced interaction between M-tropic Envs and CD4 could be due to having a more

exposed CD4 binding site (CD4bs), an increased affinity for CD4, or to prematurely shifting

into the CD4-induced (CD4i) state (a conformational shift that occurs following CD4 binding

and results in the conformation that can bind the CCR5 coreceptor). If sensitivity to sCD4

is due to a more exposed CD4bs, then sensitivity to sCD4 would predict sensitivity to neu-

tralizing antibodies targeting the CD4bs. To evaluate exposure of the CD4bs, we performed

infectivity assays in the presence of antibodies targeting the CD4bs, specifically b12 (216),

VRCO1 (217), and CH31 (218) (Figure 3.3b-d). We found that four of the seven M-tropic
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Figure 3.3: M-tropic viruses are significantly more sensitive to neutralization by sCD4
and show trends toward increased sensitivity to some CD4bs-targeting antibodies com-
pared to paired T-tropic viruses Pseudotyped reporter viruses were exposed to various con-
centrations of (a) sCD4, or an antibody with an epitope overlapping the CD4 binding site
(CD4bs) (b) b12, (c) VRCO1, or (d) CH31 in a TZM-bl neutralization assay. IC50 values were
calculated from dose-response curves and plotted. Dashed lines represent the limits of detec-
tion. IC50 values above the limit of detection (LOD) were plotted at the LOD, except for pairs
where both viruses had IC50 values that exceeded the LOD, in which case the symbols were
stacked above the LOD line. The same Env-pseudotyped viruses were used in each panel: a
control group of T-tropic acute (A) and chronic (C) viruses (black asterisks), and our panel of
matched T-tropic viruses (closed symbols) and M-tropic viruses (open symbols) from seven
subjects. The data for the acute and chronic subtype C viruses are reproduced from Ping et
al. (20) to allow a comparison to a large data set of typical viral Env proteins. Viruses ex-
pressing M-tropic Env proteins had a statistically significant 27-fold increase in sensitivity to
neutralization by sCD4 over subject-matched T-tropic Env (statistical analysis performed on
log-normalized EC50 values; tpaired = 5.5, df = 6, P value = 0.002). M-tropic Env proteins
showed trends toward sensitivity to neutralization by b12 (Wpaired = 10, P value = 0.1) and
VRC01 (Wpaired = 10, P value = 0.3) over subject-matched T-tropic Env proteins that did not
reach statistical significance using a Wilcoxon matched pairs test. No difference in sensitivity
to neutralization by CH31 was observed (Wpaired = -3, P value = 0.8).
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clones were more sensitive to neutralization by b12 than the paired T-tropic clones, but the

remaining three pairs were completely resistant making the overall difference between M-

tropic and T-tropic neutralization not statistically different. Similarly, four of seven M-tropic

clones were more sensitive than the paired T-tropic clones to VRC01 (though one pair was re-

versed), but again the overall differences in neutralization were not significant. There was no

detectable difference in CH31 neutralization between the two groups. Two additional CD4bs

antibodies, F105 and CH103, were tested on a smaller panel of ten pseudotyped viruses (five

pairs: 4013, 4051, 4059, 5002, and 7115), but none of the viruses showed any neutralization

at the maximum level of F105 tested (14 µg/ml) and all but one pair of viruses (4051) had

IC50 values above the 10 µg/ml limit of detection for CH103 (data not shown). The paired

viruses that were susceptible to neutralization by CH103 had similar IC50 values (4051T, 0.14

µg/ml; 4051M, 0.16 µg/ml). Taken together, there is a trend toward increased sensitivity to

neutralization by some anti-CD4bs antibodies, but this conclusion is limited by sample size,

which is due to the limited number of independent M-tropic viruses isolated. Larger panels of

paired Env proteins will be needed to definitively determine whether there are changes in the

CD4bs that can be probed by antibody neutralization.

We also probed the CD4bsof these viruses using the inhibitor BMS-626529 (Table 3.2),

which is thought to interact with a target overlapping the CD4bs, though there are conflicting

reports about whether BMS-626529 competes with CD4 for binding to the CD4bs or whether

it binds outside of the CD4bs and prevents assumption of the CD4i Env conformation (219,

220). In general, the IC50 values were indistinguishable between paired M-tropic and T-tropic

viruses and ranged from 0.34 nM to 4.2 nM, which is typical for primary isolates. Two

exceptions were the 5002T Env protein, which was highly resistant (IC50 = 310 nM) and

contained the known resistance mutation S375M (220), and the 4013T Env protein, which

was moderately resistant (IC50 = 42.0 nM) with no known resistance mutations. A tight range

of IC50 values across Env proteins suggests that the BMS-626529 inhibitor is able to access

and interact similarly with its target in the CD4bs on both M-tropic and T-tropic Env proteins.
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Table 3.2: Env sensitivity to BMS-626529

IC50 for BMS–626529 (nM)

Subject ID T-tropic M-tropic

4013 42.0 2.0

4051 0.87 0.5

4059 0.34 0.45

5002 310.0 1.3

7115 1.4 4.2

3.4.4 Macrophage-tropic Envs do not have enhanced sensitivity to HIV-1 neutralizing antibod-

ies

To evaluate whether macrophage tropism is associated with changes in Env protein con-

formation in regions outside of the CD4bs, we tested the neutralization sensitivity of our well-

defined panel of fourteen pseudotyped viruses against a large panel of neutralizing HIV-1

antibodies. We used five polyclonal sera and HIV-Ig to detect gross changes in Env conforma-

tion (Figure 3.4a-b), and six monoclonal antibodies (mAb) to examine changes in specific epi-

topes in the V1/V2 region (Figure 3.4c-e), the N-linked glycosylation coat (Figure 3.4f), or the

membrane proximal external region of gp41 (MPER; Figure 3.4g-h). There were no signifi-

cant differences in sensitivity between the M-tropic and T-tropic Envs to any of the polyclonal

antibodies (Figure 3.4a-b), implying that there are no significant changes in neutralization

sensitivity as a whole. However, analysis of the sensitivity to monoclonal antibodies again

suggested possible differences.

The epitopes of the PG9 and PG16 antibodies (221) are in the V1/V2 region of HIV-1

Env and require interactions with the N-linked glycosylation sites at amino acids 156 and

160 (133). Loss of glycosylation at either of these sites confers resistance to neutralization by

PG9 and PG16. Within our panel of seven paired Env proteins, only one (4013M) has a known

resistance mutation (N160Y) and this Env protein was resistant to all three V1/V2-antibodies
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tested. The remaining six M-tropic viruses were almost uniformly resistant to neutralization

by both PG9 and PG16 (Figure 3.4c-d), which is in contrast to the paired T-tropic viruses that

showed the wide variation in neutralization sensitivity that was also observed in the larger

panel of acute and chronic Env proteins. This pattern of neutralization resistance in M-tropic

viruses and variable neutralization in T-tropic viruses was continued in analysis of V1/V2

antibody CH01 (Figure 3.4e), which has a more complex and conformation-dependent epitope

(222). However, due to the high variation in the control groups and the small sample size, we

were unable to show a statistically significant difference in neutralization between M-tropic

and T-tropic viruses. These data suggest that the conformation of Env that defines the surface

epitopes, perhaps through the orientation of the carbohydrate side chains, may be altered as

part of the evolution to be able to enter cells with a low density of CD4.
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Figure 3.4 (previous page): Similar to T-tropic viruses, M-tropic viruses are generally re-
sistant to neutralization by non-CD4bs-targeting antibodies with subtle trends toward
increased resistance to V1/V2-targeting antibodies and decreased resistance to a glycan-
targeting antibody Pseudotyped reporter viruses were exposed to various concentrations of
(a) polyclonal sera from five HIV-infected subjects; (b) purified polyclonal HIV-Ig; and mon-
oclonal antibodies: anti-V1/V2 (c) PG9, (d) PG16, and (e) CH01; anti-glycosylation (f) 2G12;
and anti-MPER (g) 2F5 and (h) 4E10 in a TZM-bl neutralization assay. The data for the acute
and chronic subtype C viruses are reproduced from Ping et al. (20) to allow a comparison to
a large data set of typical viral Env proteins. IC50 values were calculated from dose-response
curves and plotted. Dashed lines represent the limits of detection. IC50 values above the limit
of detection (LOD) were plotted at the LOD, except for pairs where both viruses had IC50

values that exceeded the LOD, in which case the symbols were stacked above the LOD line.
Data for the same Env-pseudotyped viruses were used in each panel: T-tropic acute (A) and
chronic (C) viruses (black asterisks; panels b-h only), T-tropic viruses (closed symbols), and
M-tropic viruses (open symbols). Subject-matched viruses are linked and the IC50 values of
T-tropic and M-tropic viruses were compared using a Wilcoxon matched pairs test. M-tropic
and subject-matched T-tropic Env proteins were not significantly different in neutralization by
polyclonal sera (a; FANOVA = 0.8, r2 = 0.1, P value = 0.6) or HIV-Ig (b; Wpaired = 12, P value =
0.5); nor by monoclonal MPER-targeting antibodies 2F5 (g; Wpaired = 1, P value = 1) and 4E10
(h; Wpaired = -2, P value = 0.9). M-tropic Env proteins trended toward increased resistance to
neutralization by monoclonal V1/V2-targeting antibodies PG9 (c; Wpaired = -13, P value =
0.1), PG16 (d; Wpaired = -13, P value = 0.2), and CH01 (e; Wpaired = -10, P value = 0.1) and
increased sensitivity to neutralization by monoclonal glycosylation-targeting antibody 2G12
(h; Wpaired = 10, P value = 0.1) compared to subject-matched T-tropic Env proteins. Thirteen
of the fourteen viruses were resistant to neutralization by monoclonal antibodies 17b (i) and
447-52D (j), which target epitopes typically only present in the CD4-bound conformation of
the viral Env protein from primary isolates (17b, Wpaired = 1, P value = 1; 447-52D Wpaired =
6, P value = 0.3).

The epitope of 2G12 is dependent on glycans at amino acid positions 295, 332, and 392

with some interactions with glycans at 386 and 448 (223). In our panel of seven pairs, four of

the seven pairs (eight viruses) were resistant to neutralization by 2G12 (Figure 3.4f), which

is partially explained by loss of glycosylation sites in seven out of eight viruses. The remain-

ing three pairs showed a pattern of increased sensitivity in the M-tropic viruses compared to

the paired T-tropic viruses. However, the small sample size compounded by resistance mu-

tations that obscured comparisons of four of seven pairs again limited our ability to assign

statistical significance to this observation. In contrast, antibodies targeting the MPER showed

no difference in neutralization between M-tropic and T-tropic viruses either in directionality
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or variability (Figure 3.4g-h). The sensitivity of M-tropic and T-tropic viruses to 2F5 and

4E10 (224) covered similar ranges and contained similar variance that does not seem to be

correlated by subject or cellular tropism.

Primary isolates from the blood are typically resistant to antibodies targeting the CD4-

induced epitopes on the Env protein. However, most M-tropic viruses were isolated from

the relatively immune privileged CNS, which may release these viruses from the selective

pressure that is thought to restrict exposure of CD4i epitopes. In an effort to probe exposure

of CD4i epitopes, we used two additional monoclonal antibodies directed at regions of the

Env protein that interact with the coreceptor and are exposed after CD4 binding. Specifically,

we examined monoclonal antibodies 17b (225), which has an epitope overlapping the CCR5

binding domain, and 447-52D (226), which targets the Env protein V3 loop (Figure 3.4i-j).

Viruses pseudotyped with either the M-tropic or T-tropic Env proteins were highly resistant

to both 17b and 447-52D. All viruses tested had IC50 values above the detection threshold (¿

20 µg/ml) for mAb 17b. Only two viruses had detectable neutralization (below a detection

threshold of 25 µg/ml) by mAb 447-52D (5002T IC50 = 18.7 µg/ml and 7115M IC50 = 14.8

µg/ml), but both viruses were still relatively resistant.

Resistance to CD4i antibodies could reflect that M-tropic viruses, like most primary iso-

lates, do not expose CD4i epitopes or it could reflect an absence of the specific antibody

epitopes used to probe these conformations, which could mask any potential exposure of

CD4i epitopes. To determine whether these Env proteins contain epitopes recognizable by

the b12, 17b and 447-52D antibodies, we have carried out a preliminary analysis by inserting

single point mutations to encode alanine at positions 155 or 177 in the V1/V2 loop, which

is physically distal from the targeted epitopes; these mutations individually induce an open

conformation in the Env protein of the JR-CSF isolate as measured by increased sensitivity to

b12, 17b and 447-52D (W. D. Graham and K. T. Arrildt, unpublished data). Neutralizations

assays with the b12, 17b and 447-52D antibodies were repeated with viruses pseudotyped

with the mutant Env proteins that maintained viability. We observed that at least one of the

74



Env proteins for four of the five pairs of Env proteins showed increased sensitivity to either

one or two of the antibodies, indicative of the presence of the epitope. Because high neutral-

ization sensitivity to antibodies directed at CD4i epitopes is typically associated with tissue

culture adapted (TCA) strains where the Env protein has adopted an overall open conforma-

tion (17, 98, 227, 228), the lack of sensitivity to these antibodies is consistent with M-tropic

Env proteins that, despite high sensitivity to sCD4, are not in an open conformation.

3.4.5 Macrophage-tropic Envs do not have enhanced sensitivity to autologous serum antibodies

Most viruses currently identified as being M-tropic were isolated from the relatively immune-

privileged CNS, which may have protected these viral populations from antibody-mediated se-

lective pressure. The CNS typically maintains IgG at concentrations far lower than the plasma

(approximately 400X) (229), though levels may increase in subjects with HIV-associated neu-

rocognitive disease (230-232). To better understand the antibody environment in which M-

tropic viral populations evolve, we tested the sensitivity of five pairs of viruses to neutraliza-

tion by autologous serum (Figure 3.5) that was contemporaneous with when the viruses were

collected. The neutralization of paired T-tropic and M-tropic Env-pseudotyped viruses by au-

tologous serum were nearly identical in each case with no distinguishable differences in the

IC50 values (Pvalue = 1.0). Furthermore, the IC50 values for all viruses fell within the normal

range of sensitivity for primary isolates from chronic infection with an average IC50 of 1:100.

(serum dilution) and a range of 1:48 to 1:200. (233-243). These observations suggest that

differences in antibody-mediated immune pressure between anatomical compartments are not

a major factor in the evolution of macrophage tropism.

3.4.6 There are no gross stability differences between M-tropic Envs and paired T-tropic Envs

Antibodies can access only the outer surface of the Env spike and cannot reveal changes

in the core structure or stability of the protein. To assess whether there were differences in the

stability of the Env proteins, we incubated a smaller panel of 10 (representative) pseudotyped
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Figure 3.5: M-tropic viruses have not evolved an increased sensitivity to autologous
serum Five paired T-tropic (closed symbols, solid lines) and M-tropic (open symbols, bro-
ken lines) pseudoviruses were exposed to heat-inactivated autologous serum (from the same
subject and sampling time as the viruses isolated) in a TZM-bl neutralization assay. The rela-
tive infectivity was analyzed as a function of the reciprocal dilution of the autologous serum.
No detectable differences in sensitivity to autologous serum were detected between paired T-
tropic and M-tropic viruses (Wpaired = -1.0, P value = 1.0). The average IC50 across subjects
and tropism is 1:100. with a range from 1:48 to 1:200 (SD = 1:50, SEM = 1:16).

viruses (5 pairs) at different temperatures to assess the stability of the Env trimers as measured

by the loss of infectivity. We first incubated each of the viruses for 60 min at six different

temperatures (-80◦C, 0◦C, 25◦C, 37◦C, 49◦C, and 68◦C) prior to infection of TZM-bl cells

and normalized the data to infectivity after incubation at 25◦C (Figure 3.6a). Overall, the

pseudotyped viruses were most stable at either 25◦C or 37◦C and were fully inactivated at

68◦C. Although different temperatures produced variable levels of inactivation for individual

viruses, neither sensitivity nor resistance to any temperature was consistently associated with

either M-tropic or T-tropic viruses. Our second assay measured the loss of infectivity over time

at 49◦C, which has been previously shown to result in a moderate rate of virus inactivation

(244), to provide a more quantitative assessment of the level of heat sensitivity for each Env

protein (Figure 3.6b). Four out of the five pairs showed similar viral decay curves when

comparing the T-tropic and M-tropic viruses. One pair showed a significant difference in

temperature sensitivity over time, with the M-tropic virus being the most sensitive virus tested

(subject 7115). However, this difference was not recapitulated for other M- and T-tropic

clones generated from the same subject (data not shown). Finally, we measured the decay

of infectivity of the panel of pseudotyped viruses at 0◦C over the course of 53 hours (Figure
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3.6c). Sensitivity to cold was highly variable between viruses, but neither sensitivity nor

resistance to cold was consistent with cellular tropism. Taken together, these results show that

the ability of M-tropic viruses to enter cells using a low density of CD4 and the enhanced

sensitivity to sCD4 are not the result of a less stable Env protein.

3.4.7 Env-mediated fusion rates do not differ between macrophage-tropic and T cell-tropic

Envs

We next considered the possibility that enhanced entry could be due to an enhancement

in viral fusion with the cellular membrane, which may compensate for low attachment by

making each attachment event more likely to result in entry (245). T20 is a fusion inhibitor

that mimics the C-terminal heptad repeat (CHR) region of gp41, which normally binds to the

N-terminal heptad repeat (NHR) to form a six-helix bundle that induces virus-host membrane

fusion. However, when T20 binds the NHR it stabilizes gp41 in a pre-fusion conformation

and blocks binding by the CHR, effectively blocking fusion. To determine whether there

were any significant differences in sensitivity to T20 between the five pairs of viruses, we

titrated T20 to find the concentration required to inhibit fusion with TZM-bl cells for each

of the ten pseudotyped viruses (Figure 3.7a). We did not detect any consistent differences in

T20 sensitivity between the T-tropic and M-tropic Envs. We then used a fully inhibitory T20

concentration (50 µg/ml) to compare the kinetics of fusion between the two groups of viruses

as they became resistant to T20, i.e. the time to formation of the six-helix bundle and fusion

with the target cell (Figure 3.7b). There was no difference in the rate of fusion between any

of the pairs, suggesting that the rate of fusion is not a factor in macrophage tropism.

3.4.8 Increased Env incorporation does not explain increased CD4 usage by macrophage-tropic

Envs

A simple way for a virus particle to increase the probability of interacting with CD4 would

be to increase the number of Env trimers on the surface of the virion. To evaluate whether the

77



Figure 3.6: M-tropic viruses do not differ from T-tropic viruses in sensitivity to tem-
perature The effect of temperature on infectivity was assessed for five pairs of subject-
matched T-tropic (closed symbols, solid lines) and M-tropic (open symbols, broken lines)
Env-pseudotyped reporter viruses. (a) Viruses were incubated at various temperatures for
one hour prior to infecting TZM-bl cells and the remaining infectivity was normalized to in-
fectivity after incubation at 25◦C. Viruses with M-tropic Env proteins were compared with
subject-matched T-tropic Env proteins proteins at five temperatures (-80◦C, 4◦C, 37◦C, 49◦C,
and 68◦C), but revealed no significant differences between tropism groups (-80◦C, Wpaired =
-3, P value = 0.8; 4◦C, Wpaired = -5, P value = 0.6; 37◦C, Wpaired = -7, P value = 0.4; 49◦C,
Wpaired = -1, P value = 1; 68◦C, Wpaired = -1, P value = 1). Viruses were incubated at (b) 49◦C
or (c) 0◦C for various lengths of time prior to infecting TZM-bl cells. Remaining infectivity
was normalized to an untreated aliquot of each virus. M-tropic Env proteins differed in some
cases from paired T-tropic Env proteins, but these differences were not correlated with tropism
(b, Wpaired = 7, P value = 0.4; c, Wpaired = 3, P value = 0.8).
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Figure 3.7: M-tropic viruses have similar fusion kinetics to T-tropic viruses Inhibition
assays with T20 were performed on five pairs of subject-matched T-tropic (closed symbols,
solid lines) and M-tropic (open symbols, broken lines) Env-pseudotyped reporter viruses. (a)
Viruses were exposed to different concentrations of T20 prior to infecting TZM-bl cells and
remaining infectivity was normalized to untreated virus. T20 dose-response curves did not
differ detectably between matched-pairs (Wpaired = 9, P value = 0.3) and were similar across
subjects. (b) A saturating concentration (50 µg/ml) of T20 was added to viruses at various
times after the addition of cells. Resistance to T20 over time was plotted as a normalized value
of remaining infectivity. The resulting measures of fusion kinetics did not differ detectably
between matched-pairs (Wpaired = -5, P value = 0.6) and were similar across subjects.

M-tropic Envs had increased expression on the surface of the virion, we used western blotting

to quantify the ratio of gp120 (to represent Env) to p24 (to represent the number of virions).

We then calculated the relative ratio of M-tropic Env per virion as a fold-change over the

paired T-tropic gp120 per virion (Figure 3.8a). For these experiments, the estimation of the

amount of each protein was conducted using a dilution series to work within the dynamic (al-

though nonlinear) range of western blot analysis (data not shown). The fold-change values did

not significantly differ from 1. Based on these results, we conclude that differential Env in-

corporation does not explain the enhanced CD4 usage observed for the M-tropic pseudotyped

viruses.
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Figure 3.8: M-tropic Env proteins are incorporated at levels similar to T-tropic Env pro-
teins (a) Western blot analysis was used to evaluate the relative incorporation of Env proteins
into virions using five pairs of T-tropic and M-tropic Env-pseudotyped viruses. For each virus,
the abundance of Env was detected by Western blot normalized to the abundance of Gag. The
normalized values of Env proteins in M-tropic viruses were compared to those of subject-
matched T-tropic viruses and reported as the fold-change value of M-tropic over T-tropic Env
incorporation. The fold-change values (mean = 1.4, SD = 0.8) were not found to deviate sig-
nificantly from a hypothetical mean of 1 (tpaired = 1, df = 4, P value = 0.3, which represents
the null hypothesis of an equal abundance of Env proteins on the surface of viruses expressing
T-tropic and M-tropic Env proteins. (b) Five paired T-tropic (T, closed symbols) and M-tropic
(M, open symbols) env genes were pseudotyped with an env-deficient HIV-1 genome that was
either Subtype B with a firefly luciferase reporter gene (SubB) or Subtype C with a Renilla
luciferase reporter gene (SubC). Virion density was represented by p24 concentration and in-
fectivity was titered on CD4high Affinofile cells. The specific infectivity (SI) values reported
are the linear relationship of infectivity (RLU) per virion as represented by a structural protein
product, p24-Gag (fg). Although the Subtype C construct gives overall higher SI values, the
effect of HIV-1 Subtype cannot be directly compared, because different reporters are used.
Despite a small apparent trend of increased SI of M-tropic viruses in both reporter constructs,
any differences in SI between paired T-tropic and M-tropic viruses are not significant when
taken together (Wpaired = 13, P value = 0.13) or separated by reporter construct (SubB: Wpaired

= 13, P value = 0.13; SubC: Wpaired = 9, P value = 0.31). Also, because the CD4 density on
CD4high Affinofiles is saturating for M-tropic viruses and not saturating for T-tropic viruses,
the SI values for T-tropic viruses are likely an underestimate, which may account for a slight
reduction in observed SI compared to M-tropic viruses.
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Env protein incorporation can be affected by interactions been Env and structural proteins

(reviewed in(246). We examined whether such interactions alter specific infectivity (SI) in our

experimental system where SI is defined as the infectivity per viral particle (Figure 3.8b). SI

was assessed by measuring the infectivity of pseudoviruses produced from the same ten pairs

of env clones carrying either the structural proteins encoded by the env-deficient HIV-1 Sub-

type B reporter genome or Subtype C reporter genome and using p24 concentration to infer

the per virion relative infectivity. There were similar trends within each reporter construct in

that there was an approximately 10-fold range of SI values when comparing a single reporter

construct (Subtype B or C) across the different Env proteins. Also, there was a trend toward

a small increase in infectivity of the M-tropic viruses; however, CD4 densities on CD4high

Affinofile cells are not saturating for infection by T-tropic viruses making it possible that their

SI values are underestimated. Also, while the Subtype C reporter virus appears to confer a

slight enhancement in SI overall, the two reporter constructs cannot be directly compared be-

cause the different luciferase reporter enzymes (firefly versus Renilla) may exhibit different

amounts of luminescence resulting from the same number of infection events. Thus, although

we see variation between Env proteins, the variation between different subjects is greater than

between the paired M- and T-tropic Env proteins indicating that macrophage tropism, defined

by the Env protein, is not achieved by increasing the per particle infectivity.

3.4.9 CD4 usage is predictive of MDM infectivity and, along with sensitivity to sCD4, reveals

viruses with intermediate phenotypes

Using well-characterized, subject-matched M-topic and T-tropic env genes, we have demon-

strated that MDM infectivity (averaged over multiple donors), low CD4 usage, and sensitivity

to sCD4 are clear phenotypes that can be used to distinguish M-tropic viruses from paired

T-tropic viruses. Based on these defined characteristics, we identified seven additional HIV-

1 env genes cloned from compartmentalized virus in the CSF early after HIV-1 infection of

infants (29), or in the genital tract of adults (E. N. Dukhovlinova and L. Ping unpublished
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data) that showed a modest enhancement of entry on CD4low Affinofile cells (i.e. interme-

diate between values of T-tropic and M-tropic viruses) and seven subject-matched T-tropic

Env proteins isolated from the blood. Viruses with intermediate CD4 usage phenotypes are

rare and may provide information about the evolution of macrophage tropism. We analyzed

the viral entry phenotypes of these additional seven intermediate pairs using Affinofile cells

expressing CD4 across the full range of densities. We found that viruses with an intermediate

entry phenotype on CD4low cells also showed differences in entry phenotype compared to both

M-tropic and T-tropic viruses over the entire range of CD4 densities (Figure 3.9a). When we

used our entire fourteen-pair panel of twenty-eight viruses (fourteen T-tropic, seven M-tropic,

and seven intermediate) to infect MDMs, we found that differences in the ability to use CD4

(as captured by the Hill slope of the CD4 titration curve) was predictive for infectivity on

MDMs (r2 = 0.57; Figure 3.9b). This result demonstrates that a substantial fraction of MDM

infectivity can be accounted for by the ability of the Env protein to use low CD4 densities for

entry.

Given that the CD4 entry phenotype appears to be continuous within the dynamic range

that was tested, we asked whether this was also the case for sCD4 sensitivity. As shown

above, M-tropic Envs are significantly more sensitive to sCD4 than the paired T cell-tropic

Envs. Using this same approach, we were also able to show that intermediate Env proteins

are significantly more sensitive to sCD4 than subject-matched T-tropic Env proteins (Figure

3.9c; P value = 0.0005). Furthermore, the sCD4 IC50 values of the intermediate viruses were

similar to those of the well-characterized M-tropic viruses. Taken together, this suggests that

evolution of the M-tropic entry phenotype may be a multi-step process marked by increased

sensitivity to sCD4 and enhanced entry at low CD4 densities.

3.5 Discussion

HIV-1 evolution to enter and replicate in macrophages results in Env proteins that can

more efficiently utilize the low densities of CD4 found on macrophages for viral entry. This
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Figure 3.9: Viruses of intermediate CD4 usage reveal a correlation between CD4 usage
and MDM infectivity Seven pairs of subject-matched Env-pseudotyped viruses in which one
virus had a modest enhancement in entry of CD4low Affinofile cells (intermediate, Int.) and the
other virus was T-tropic (T) were analyzed and plotted overlapping the data for the original
seven pairs of M-tropic (M) and T-tropic (T) viruses shown previously in Figure 3.1. (a)
CD4 usage of intermediate (open symbols, broken lines) and T-tropic (closed symbols, solid
lines) viruses was evaluated by the Affinofile cell assay as previously described and plotted
against previously shown data for subject-matched T-tropic (solid light gray lines) and M-
tropic (dotted light gray lines) viruses from Figure 3.1. Unique colors are used to identify
each subject as specified in the figure legend (the overlap in symbols with those from Figure
3.1 is not meaningful). The intermediate viruses differ from paired T-tropic viruses in Hill
slope (tpaired = 2.9, df = 6, P value = 0.03), but not in EC50 (tpaired = 1.0, df = 6, P value =
0.34). Similarly, intermediate viruses also differ from unpaired M-tropic viruses, but only
in EC50 (tpaired = 2.5, df = 12, P value = 0.03) and not Hill slope (tpaired = 0.09, df = 12, P
value = 0.93). (b) CD4 usage was represented by Hill slope values for each virus, which was
plotted against log normalized values of infectivity on MDMs. We evaluated the correlation
of CD4 usage and MDM infection and plotted the linear regression (solid line) with the 95%
confidence band (broken lines). Variation in CD4 usage could explain 57% of the variation
in MDM infectivity (r2 = 0.57, Sy.x = 0.66, P value <0.0001). (c) Neutralization sensitivity
to sCD4 was evaluated in a TZM-bl neutralization assay as previously described and reported
as IC50 values. Subject-matched pairs of intermediate (Int., open symbols) and T-tropic (T,
closed symbols) viruses were plotted against data from Figures 3.3a for subject-matched pairs
of T-tropic (T, close symbols) and M-tropic (M, open symbols) viruses and the panel of viruses
from acute (A) and chronic (C) infection (black asterisks). The colors and symbols are the
same as those identified in Figure 3.1a and 3.9a. Subject-matched viruses are linked. Similar
to M-tropic Env proteins, Int. Env proteins are 23-fold more sensitive to neutralization by
sCD4 compared to subject-matched T-tropic Env proteins (c; tpaired = 6.8, df = 6, P value =
0.0005).
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ability to use a low density of CD4 is a key feature that distinguishes M-tropic viruses from the

more typical R5 T-tropic viruses, which require high densities of CD4 for entry into target T

cells. We found that low density CD4 usage and sensitivity to soluble CD4 (sCD4) are distinct

criteria for macrophage tropism. Furthermore, CD4 entry phenotypes are more reproducible

than the relative infection of monocyte-derived macrophages (MDMs). We also found sug-

gestive evidence that the evolution of macrophage tropism includes multiple stages. Although

we observed that the enhanced CD4 usage of all the M-tropic viruses was accompanied by an

increased sensitivity to sCD4, we also observed multiple intermediate viral lineages that had

significantly increased sensitivity to sCD4 but, in some cases, had only a slight increase in

the ability to use low CD4 densities. Based on these results, we hypothesize that macrophage

tropism evolves through multiple stages that can be marked by an increase in sCD4 sensitivity,

enhancement of CD4 usage, and other subtle changes in the Env protein conformation.

In order to make a more accurate assessment of the phenotypic changes that emerge during

the evolution of macrophage tropism, we designed our analysis to contain three vital attributes.

First, we examined pairs of M-tropic and T-tropic env genes isolated from the same subjects

without ex vivo passaging of their virus. This minimizes the effect of strain-to-strain variation

and focuses our analyses on the evolutionary event(s) that took place within each subject.

Also, because we used a single pair of env genes from each subject, each comparison was

an independent observation. Second, we analyzed the phenotypes of Env proteins expressed

from env genes that had been generated by end-point dilution PCR, which avoids artificial

recombinants during amplification. Third, we made phenotypic comparisons across a group

of env gene pairs from different subjects to identify generalizable differences between T-tropic

and M-tropic viruses. These key features allowed us to further define the properties of Env

proteins that result in low density CD4 usage and an M-tropic phenotype.

Infection of MDMs ex vivo has long been used as a measure of macrophage tropism (15,

17, 146, 148, 151, 157, 247). However, different preparations of MDMs vary in their ability to

be infected in ways that have not been controlled experimentally (99, 132, 148). The typical
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approach to this substantial experimental problem has been to compare several donors and

infer a result. An additional complication of this approach is that R5 T-tropic viruses also

vary widely in their ability to infect MDMs (99). This two-dimensional variability (virus and

cells) makes it difficult to unequivocally assign cellular tropism in isolation. However, by

pooling MDM infection data from four donors and multiple subject-matched M-tropic and

T-tropic pairs of viruses, we found a 28-fold increase in average MDM infection by M-tropic

over T-tropic viruses (Figure 3.2). These data provide a quantitative estimate of the typical

gain in efficiency of MDM infectivity achieved in transitioning to macrophage tropism.

The difference in CD4 density on the surface of macrophages and CD4+ T cells inspired

use of cell lines with either high or low levels of CD4 as a method to assess the relationship

between efficiency of CD4 usage and macrophage tropism (146, 148, 248, 249). The effi-

ciency of CD4 usage as a surrogate phenotype for macrophage tropism is most easily seen

using Affinofile cells, in which CD4 expression can be varied (154) over a wide range and can

approximate the surface densities of CD4 on T cells and on MDMs (99). This more sensitive

measure of CD4 usage allowed us to identify HIV-1 variants that are characterized by both an

intermediate entry phenotype on CD4low cells and an intermediate entry phenotype on MDMs

(Figure 3.9b). Based on this analysis, we were able to demonstrate that HIV-1 infection ef-

ficiency on CD4low cells predicts macrophage tropism and also predicts intermediate entry

phenotypes.

We have focused our study on the role of HIV-1 Env in mediating cell entry and so have not

considered other potential viral proteins or sequences that may evolve as part of the adaptation

to macrophages. We have ruled out that the differences observed between M-tropic and T-

tropic viruses result from differences in the specific infectivity (SI) as conferred by their Env

proteins (Figure 3.8b). We also evaluated whether increased Env incorporation, which is

mediated by interactions between Env and Gag proteins, could contribute to enhanced CD4

usage, but found comparable levels of Env proteins per viral particle between subject-matched

T-tropic and M-tropic virions (Figure 3.8a). Thus the M- and T-tropic viruses are equivalent
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in how they contribute to particle formation and conferring infectivity in the presence of high

levels of CD4, with the differences being much greater in viruses isolated between subjects

than between the M- and T-tropic viruses within a subject.

The enhanced ability of M-tropic viruses to use low CD4 densities for entry suggests an

altered interaction between Env and CD4. This suggestion is supported by the observation

that the Hill slope determined by CD4 titration is significantly different between these two

groups of viruses (Figure 3.1a). Previous studies have reported that M-tropic variants are

also more sensitive to sCD4 than T-tropic variants (130, 203, 204). We confirmed this ob-

servation by showing that M-tropic variants were on average 27-fold more sensitive to sCD4

compared to their T-tropic counterparts (Figure 3.3a). However, we found no difference in

the ability of M-tropic or T-tropic viruses to interact with the CD4 binding site (CD4bs) small

molecule agonist BMS-529626 (Table 3.2). A previous report found differences in sensitivity

to BMS-663068 (the prodrug form of BMS-626529) when comparing M-tropic and T-tropic

viruses (187), however that study included multiple and unequal numbers of clones from each

compartment of several subjects, which complicates the statistical analysis that assumes in-

dependence of observations. When we probed with a series of CD4bs antibodies, we found

suggestive patterns in two of the three CD4bs antibodies tested that hinted at an increased sen-

sitivity of M-tropic viruses in the pairs of viruses that were not completely resistant (Figure

3.3b-d). Two additional CD4bs antibodies, F105 and CH103, were also tested, but the viruses

were almost uniformly resistant to neutralization (data not shown), which has been suggested

to result from the steric restriction related to the angle of access between the antibodies and

the Env trimer (250-252), suggesting that the angle of CD4 access is not dramatically changed

in the M-tropic viruses. The variability in antibody sensitivity between Env proteins to these

antibodies limits the statistical power of these analyses, given the limited number of subject-

matched M-tropic and T-tropic Env pairs available. However, the patterns of increased sensi-

tivity to the relatively bulky CD4bs antibodies, when coupled with the significant increases in

sensitivity to sCD4 suggest that conformational differences around the CD4 binding site may
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exist in Env proteins from M-tropic viruses.

We also examined whether conformational differences around the CD4 binding site create

a more open conformation. Early observations revealed that tissue culture-adapted viruses, in

the absence of antibody selection, result in the premature exposure of CD4-induced epitopes

(253-256), indicating that the Env protein for these viruses is in a more open conformation

that exposes the coreceptor binding site. Furthermore, studies have shown that tissue culture-

adapted viruses evolved to use low CD4 for entry (257, 258), were more sensitive to sCD4

(259-261), and had greater sensitivity to antibody neutralization than typical primary isolates

(227, 254, 257, 262). Together, these observations raised the possibility that these phenotypes

co-vary and are generated by the same mechanism. To determine whether selection to use low

CD4 densities for cell entry results in an open Env conformation, we examined Env sensitivity

to polyclonal sera and monoclonal antibodies directed against the V3 and CD4i epitopes as a

general probe for these two conformational states. We found that there was no difference in

antibody sensitivity to polyclonal sera or to most monoclonal antibodies when comparing the

M-tropic and T-tropic viruses (Figure 3.4), indicating that M-tropic viruses have not assumed

the open conformation of tissue culture-adapted viruses. Furthermore, there was no difference

in T-tropic and M-tropic viruses in sensitivity to autologous, contemporaneous serum (Figure

3.5) and the IC50 values from all viruses tested were similar to those typically reported for

chronic infection (233-243). However, M-tropic viruses appeared to be more resistant to the

V1/V2-targeted antibody PG9 (Figure 3.4c), suggesting that M-tropic viruses may differ in

the Env conformation of the V1/V2 region, which is now understood to be highly ordered

(133, 263) and is thought to contribute to the structure and function of the Env trimer (264-

268). Although our ability to assign significance to V1/V2 antibody resistance as a feature of

M tropism is limited by sample size (N = 7) and the inherent variability to the neutralization

of primary isolates, this observation is consistent with that obtained using a larger panel of

unpaired T-tropic and M-tropic viruses (130). Overall, the neutralizing antibody sensitivity

properties of M-tropic Env proteins reveals them to be more like R5 T-tropic Env proteins
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than tissue culture-adapted variants, but with intriguing differences in the CD4bs and perhaps

the V1/V2 loop region.

Dissociation of attached virions prior to successful entry is common (245) and is likely

to be a more substantial problem when CD4 is at a low density. Increased efficiency of post-

attachment entry steps may be able to compensate when attachment conditions are poor, which

led us to examine properties of fusion (the final step) and properties that may affect the con-

formational changes that occur between attachment and fusion. Differences in Env protein

stability affect the conformational changes required for entry (269) and differences in stability

can be probed by sensitivity to inactivation at different temperatures. Env proteins display

variation in sensitivity to heat (244, 269, 270) and cold (270-272). Heat lability is a feature of

the open conformation of tissue culture-adapted viruses, but not of comparatively stable pri-

mary isolates (244, 269). Although there was some variation in heat sensitivity between Env

proteins from different subjects, the subject-matched M-tropic and T-tropic virus pairs were

generally indistinguishable (Figure 3.6b). There were significant differences in cold sensitiv-

ity within pairs, but sensitivity was inconsistent across T-tropic or M-tropic Env protein pairs

(Figure 3.6c). Therefore, thermal sensitivity is also unlikely to be a co-evolving feature of

HIV-1 cellular tropism or CD4 usage. By contrast, fusion was consistent within a subject-

pair, despite some variation between viruses from different subjects (Figure 3.7). Overall, we

found no evidence that fusion efficiency or Env protein instability is linked to cellular tropism

or CD4 usage. From these observations, features of M tropism appear to be limited to the

Env-CD4 interaction.

The evolutionary path to HIV-1 macrophage tropism remains poorly understood. A num-

ber of Env substitutions have been suggested to contribute to macrophage tropism (145, 181,

202, 203, 205-213), but none of these suggested mutations can distinguish the paired M-tropic

and T-tropic viruses used in our study. By including additional HIV-1 variants identified by

intermediate CD4 usage, we observed that both MDM infection and low CD4 usage vary

across a wide range. This suggests sequential adaptation to infecting macrophages that may

88



require the accumulation of several mutations. Direct comparison revealed that variation in

CD4 usage could explain more than half of the observed variation in MDM infection (Figure

3.9b). We do not know if other factors also impact entry into macrophages or if the remaining

variation is due to experimental variation.

We previously showed that T-tropic and M-tropic viruses differ in CD4 usage but not in

CCR5 usage, as measured by maraviroc sensitivity (99). We also observed that M-tropic

and intermediate variants have similar increases in sensitivity to sCD4 when compared to T

cell-topic variants (Figure 3.9c). Other groups have also identified viruses from the CNS that,

like our intermediate viruses, are sensitive to sCD4 but unable to efficiently infect MDMs (e.g.

Dunfee 2009, Gonzalez-Perez 2012). The lack of a positive relationship between sensitivity to

sCD4 and the ability to infect MDMs made it difficult for previous studies to assign tropism

for these viruses. The increased sensitivity of our CD4 usage assay allowed us to detect a

group of viruses with intermediate enhancement of CD4 usage, sensitivity to sCD4, and an

intermediate ability to infect MDM in vivo Together, these findings imply that sCD4 sensitivity

is a phenotype that can be detected early in the enhancements in low CD4 usage. Also, the

general resistance to neutralizing antibodies combined with a pattern of sensitivity to sCD4

indicate that M-tropic Env proteins exist in a state that is distinct from both R5 T cell-tropic

(which are resistant to sCD4) and tissue culture-adapted Env proteins (which are globally

sensitive to neutralization).

Because our viruses represent a cross-section of viral populations rather than a longitudinal

study of evolving populations, it is difficult to determine whether a continuous range of values

(e.g. CD4 usage or MDM infectivity) represents a continuous phenotype or large variation

around a bimodal phenotype. However, if CD4 usage and MDM infectivity are on a multi-

step evolutionary path to macrophage tropism (as suggested by our detection of intermediates),

then defining the mutations on this pathway and understanding the nature of the change in the

interaction between the viral Env protein and host CD4 receptor remain as important questions

to inform our understanding of the evolution of macrophage tropism.
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CHAPTER 4

MAJOR GENETIC DETERMINANTS OF MACROPHAGE TROPISM OCCUR IN
THE V5 REGION OF ENV1

4.1 Overview

Although HIV-1 is normally CCR5 using and T cell-tropic (T-tropic), viral populations can

evolve to become CCR5-using and macrophage-tropic (M-tropic). Identifying the genetic de-

terminants of macrophage tropism has been stymied by high variation in the HIV-1 env gene

and lack of a sensitive, reproducible, and high-throughput assay for detecting macrophage

tropism. By comparing subject-matched pairs of T-tropic and M-tropic env genes, we reduced

variation occurring naturally between subjects. Development of the CD4low Affinofile assay as

a sensitive proxy for macrophage tropism expanded the number of env genes evaluated per as-

say and reduced assay-to-assay variation. In this way, we were able to identify variable region

5 (V5) of the HIV env gene as a major determinant of macrophage tropism. Although other

contributors were identified near CD4 binding sites and in the V1/V2, only V5 involvement

was consistent across all subjects tested, suggesting a role for V5 in CD4 interactions. We

then created M-tropic env genes from each T-tropic env gene using site-directed mutagenesis

to induce between two and seven amino acid substitutions. Testing whether these manually

generated M-tropic env genes recapitulate the soluble CD4 sensitivity and enhanced infection

of MDMs in vitro will evaluate the CD4low Affinofile assay results and provide detailed in-

1The work described in this chapter was accomplished in collaboration with Ean Spielvogel, Zaki Dard, Paige
McClear, and Ron Swanstrom.
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formation about the relationship between CD4 usage, sCD4 sensitivity, and MDM infection

as phenotypic correlates of macrophage tropism. Identification of genetic determinants may

eventually enable genetic screening for M-tropic HIV-1 to assist in both therapeutic evaluation

and understanding macrophage tropism frequency and evolution in vivo.

4.2 Introduction

HIV-1 is mostly CCR5-using (R5) and T cell tropic (T-tropic), which preferentially tar-

gets memory CD4+ T cells (12-14) by requiring CCR5 as the coreceptor and high cell surface

densities of the CD4 receptor. However, HIV-1 can evolve variants with different entry re-

quirements to expand into different cell types. The most frequent example is the emergence

of CXCR4-using (X4) T-tropic variants in which the virus is adapted to use CXCR4 as an al-

ternate coreceptor to CCR5 (16, 18, 124, 126, 136, 195), but still requires high CD4 densities.

X4 T-tropic viruses have an expanded host range and preferentially infect nave CD4+ T cells

(196, 197, 273), which have higher CXCR4 expression than memory CD4+ T cells and little

to no CCR5 expression (132, 198). Promiscuity in coreceptor usage has also been observed

to increase over the course of infection (274), allowing the viral population to sample a wider

range of potential host cells. Emergence of X4 variants or variants with promiscuous core-

ceptor usage has been correlated with later stages of infection (126, 195), when the original

target cells (memory CD4+ T cells) are substantially reduced (134). Because these variants are

rarely seen early in infection, it seems likely that viruses losing their optimal host are under

selective pressure to adapt to host cells that are more abundant despite, perhaps, being less

than ideal for replication.

HIV can also evolve changes in receptor usage. Macrophage-tropic (M-tropic) viruses

have adapted to use lower cell surface levels of the CD4 receptor (99, 187) to allow expansion

into macrophages or microglia (153), which have 20-fold lower expression of CD4 on the

cell surface compared to CD4+ T cells (15, 99, 145-148, 202). Changes in coreceptor use

are not correlated with M-tropism and most M-tropic variants are R5 M-tropic (99), though
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there are infrequent exceptions (205, 275). M-tropic variants are rare (17, 20, 141, 142)

and are most often detected in the central nervous system (CNS) of subjects with advanced

HIV-1 infection (146, 148-151). However, more recent studies have been able to identify

HIV-1 variants with intermediate cellular tropism phenotypes between that of T-tropic and

M-tropic viruses very early after infection and during chronic infection (29, 30, 96), which

may represent evolutionary intermediates on the path to macrophage tropism.

To adapt to target a new host cell, HIV-1 must first adapt to efficiently bind and enter

that cell type. Receptor specificity and entry are determined by a single viral gene: HIV-1

env. The Env gene product is cleaved into two subunits, an external gp120 protein and a

transmembrane gp41 protein, which remain non-covalently associated and form trimers on

the viral surface made up of three gp120-gp41 pairs. The gp120 protein contains the epitope

for the CD4 receptor and, after conformational changes induced by binding CD4, the epitope

for the CCR5 coreceptor. The gp41 protein contains the fusion mechanism, which is triggered

by CCR5 binding-induced conformational changes in gp120 and results in a major structural

rearrangement in gp41 that brings the viral and cellular membranes in close proximity to

induce fusion.

Several genetic mutations have been reported as important determinants for macrophage

tropism (Table 1). Several reported determinants involve substitutions near the CD4 bind-

ing residues, e.g. the loss of a potential N-linked glycosylation site (PNGS) at Env position

386, which could reducing steric hindrance at the CD4 binding site (CD4bs) (187), or T283N,

which has the potential to enhance the interaction between gp120 and CD4 by creating an

additional hydrogen bond between the substituted asparagine and CD4 (15, 202). However,

determinants have been reported across the env gene from V1/V2 to the V5. More recently,

several substitutions in the V1/V2 region have been implicated in macrophage tropism, in-

cluding E153G, which been suggested to be a marker for 50% of M-tropic strains (203),

and N*197S (where * denotes a potentially N-linked glycosylated site; PNGS). These V1/V2

mutations do not seem to directly interact with CD4, but may be functioning as part of the
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conformational switch region which can now be interpreted based on the recently published

sheet scaffold structure of the V1/V2 domain (133). Despite the number of studies identifying

potential genetic determinants of macrophage tropism, few of these determinants overlap be-

tween subjects and none of those identified so far could fully distinguish our highly validated

subject-matched pairs of M-tropic and T-tropic env gene sequences.

Table 4.1: Amino Acid Residues Reported as Associated with Macrophage Tropism

Reference (203) (203) (271, 280) (280) (205) (205) (15, 145, 207) (213) (181) (154, 213) (205) (212) (212) (212) (206) (202, 206) (206, 208) (203) (213) (213) (213)

T-tropica E D N V P T T S H/T F M N X X R N T N* A D G

M-tropica G N S,X T S/K/R K/E N T P L I X P S K D X X V N R

Position 153 167 197 200 238 240 283 303 308 317 326 362 363 364 373 386 388 396 430 460 462

Consensusb E D N* V P T T T H F I N* Q S M N* T N* V N N*

4013T E D N* I L R T T P F I E P S M N* T N* V R N*

4051T E D N* V P T T T P F I N* Q S T N* T N* V R N*

4059T E N N* V E K T T N W I E Q V M N* S S V G ∆

5002T D D N* V P T I T H F T N* Q S M N* T N* V H N

7115T E D N* V P K T T H F I K Q S M N* S N V N N

SJC-T E D N* I P T T T H F I T H S M N* T N V N N*

SJR-T G E N* V P K I T H F I N* Q S M N* S N* V N S

4013M E D N* I P T T T H I I T N S M N* T N* V Y I

4051M E D N* V L K T T P F I N* Q S T T T N* V N N*

4059M E N N* V E K T T S W I E Q V M N* S N* V S N*

5002M E D N* V P T T T H F I N* Q S M N* T N* V Y S

7115M E D S V P K T T H F I K Q S M N* S N* V N N*

SJC-M E D N* V P T I T H F I T H S M N* S N V K N*

SJR-M G E N* V P K I T R F I N* Q S M N* S T V I N*

a Amino acid residues reported to be associated with tropism

b Consensus amino acid residues derived from the Los Alamos National Laboratory ”HIV Sequence Compendium” published October 6,

2015. (http://www.hiv.lanl.gov/content/sequence/HIV/COMPENDIUM/compendium.html)

* potential N-linked glycosylation site (PNGS)

Discovery of a consistent genetic signature in X4 variants has allowed deep and rapid

screening through next generation sequencing techniques, even though the full determinants

of CXCR4 usage may be far more complex. Unfortunately, a genetic signature has been

more difficult to uncover in macrophage tropism. Detecting M-tropic variants currently re-

quires phenotypic assays, which until recently has relied on infecting monocyte-derived

macrophages, which are available only in small batches and vary widely between batches.

Therefore, few M-tropic viruses are detected, and the true prevalence of M-tropic viral popu-

lations remains unclear. Discovery of the genetic determinants of macrophage tropism could
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provide clues for the mechanism of enhanced CD4 usage and may also reveal a genetic signa-

ture for macrophage tropic viruses. Deep screening for such a genetic signature could detect

the early appearance of M-tropic virus in the CSF (or the blood) as a minor variant in asymp-

tomatic subjects not yet on therapy. Enhanced detection of M-tropic virus could also help

clarify the role of macrophage tropism in neurocognitive disease and its potential as a reser-

voir.

To identify the genetic determinants of M-tropism, we used HIV-1 env genes cloned from

rigorously defined M-tropic viruses and subject-matched T-tropic viruses to make reciprocal

swaps between subject-matched env genes. We generated pseudotyped viruses expressing

each of the recombinant env genes and tested the CD4 usage (which is a phenotypic corre-

late of macrophage tropism (96, 99)) of these viruses compared to the parental M-tropic and

T-tropic viruses. We used several reciprocal swaps from each pair of subject-matched M-

tropic and T-tropic viruses to identify small regions responsible for enhanced CD4 usage. To

identify individual amino acid determinants of CD4 usage enhancement, we made individual

mutations in both the M-tropic (for loss of function) and the T-tropic (for gain of function)

and again tested CD4 usage. When we identified the several amino acid changes responsi-

ble for enhanced CD4 usage in each M-tropic Env protein, we made those mutations in the

subject-matched T-tropic Env protein and tested both CD4 usage and infectivity on monocyte-

derived macrophages. Previous work suggested changes in the CD4bs and the V1/V2 region,

but the data were inconclusive. Therefore, we tested these T-turned-M-tropic Env proteins

for neutralization sensitivity to antibodies targeting the CD4bs and the V1/V2 regions to clar-

ify whether these regions change during evolution to macrophage tropism. Collectively, this

work identifies regions of the HIV-1 env gene involved in evolving macrophage tropism and

provides a foundation for future mechanistic studies.
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4.3 Materials and Methods

4.3.1 Parental env gene clones

We examined env gene clones generated in previous study from the blood and CSF of

five subjects infected with HIV-1 subtype B and diagnosed with HIV-associated neurological

disease (61; Table 4.2). Amplicons of viral env genes were generated from virion RNA using

end-point dilution PCR and cloned into an expression vector (pcDNA3.1). The resulting env

vectors have been evaluated for cellular tropism and for phenotypic characteristics using Env-

pseudotyped viruses (61, 99, 276).

Table 4.2: Source material of parental env genes

Subject Tropism1,2 Tissue3,4 Clone Reference

4013 R5 T Blood P9 (61)

4013 R5 M CSF C7 (61)

4051 R5 T Blood P25 (61)

4051 R5 M CSF C3 (61)

4059 R5 T Blood P26 (61)

4059 R5 M CSF C19 (61)

5002 X4 T Blood P10 (61)

5002 R5 M CSF C1 (61)

7115 R5 T Blood P6 (61)

7115 R5 M CSF C21 (61)

1 R5 T, CCR5-using T cell tropic

2 R5 M, CCR5-using macrophage tropic

3 X4 T, CXCR4-using T cell tropic

4 CSF, cerebrospinal fluid
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4.3.2 Recombinant env genes

We combined regions from one M-tropic and one subject-matched T-tropic env vector

to make recombinant env genes for each of five subjects using several methods: restriction

digest, overlap-extension PCR, or site-directed mutagenesis. Recombinant env vectors were

only made with pairs of subject-matched env genes.

For restriction digest recombination, we digested M-tropic and T-tropic env vectors with

restriction enzymes that excised the same region from both vectors, then the excised regions

were swapped and ligated into the other vector (e.g. we excised a BamHI-EcoRI fragment

from the M-tropic env vector from subject 4013 and inserted that fragment into a BamHI- and

EcoRI-digested T-tropic env vector from subject 4013 and vice versa).

To insert large regions for which there were no convenient restriction sites, we used a

modified overlap extension PCR (OE-PCR) protocol. OE-PCR required a 30 - 40 bp region

on both ends of the region of interest that was homologous ( 95% identical) between the M-

tropic and subject-matched T-tropic env gene. To generate the insert, we PCR amplified or

synthesized dsDNA that corresponded to the region of interest in one env gene (e.g. from

the M-tropic env gene) and the homologous regions on either end. This fragment was used

to prime PCR on the subject-matched env gene expression vector (e.g. on the T-tropic env

expression vector; see Appendix A for the protocol and cycling conditions) to generate a

recombinant env expression vector.

To make coding changes individually, we used site-directed mutagenesis PCR (SDM-

PCR) to mutate a codon from one env vector to the corresponding codon in the subject-

matched env vector (see Appendix B for the protocol and cycling conditions). This allowed

creating recombinant env vectors that incorporated one or a few selected changes to corre-

spond with the subject-matched env vector, which in turn enabled identification of the mini-

mum changes in each subject-matched pair required to alter tropism.
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4.3.3 Generation of pseudotyped viruses

293T cells were plated ml in a 100-mm dish at a density of 2.5 x 106 cells in 10 ml and

incubated at 37◦C. After 18 - 20 hours, 293T cells were transfected with 2 µg of an env

expression vector (pcDNA3.1), 5 µg of pNL4-3.LucR-E- plasmid (obtained through the NIH

AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH), and 30 µL

FuGENE 6 (Promega) in serum-free DMEM. After 5 hours, the medium was replaced. After

48 hours, the medium was collected, filtered through a 0.45 µm syringe filter (Millipore),

and stored at -80◦C in small, single-use aliquots. Virus stocks were not subjected to multiple

freeze-thaw cycles.

Virus stocks were titered on Affinofile cells induced to maximum expression of CD4 and

CCR5. Infectivity was measured using a Luciferase Assay System kit (Promega) and a lumi-

nometer (Veritas), which measures in relative light units (RLU). Titration curves within the

linear range of a virus dilution series were used to calculate the volume of viral stock resulting

in 800,000 RLU and that volume was used for infection of Affinofile cells and MDMs.

4.3.4 Cells

293T cells were maintained in Dulbeccos modified Eagle medium (DMEM) with 4.5 g/L

glucose (Cellgro) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and

100 µg/ml streptomycin (Sigma). Affinofile cells (154) were maintained in DMEM with 4.5

g/L glucose (Cellgro) supplemented with 50 mg/ml blasticidin (Invitrogen).

Monocyte-derived macrophages (MDM) were prepared as previously described (99). Briefly,

blood was collected from four healthy donors. Buffy coats were prepared from whole blood

by centrifugation into a Ficoll gradient (Ficoll-Paque Plus, GE Healthcare). Monocytes were

isolated from the buffy coats by negative selection (EasySep human enrichment kit without

CD16 depletion, StemCell Technologies). Purified monocytes were maintained in RPMI 1640

medium (Cellgro) supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin

(Sigma), and 10 ng/ml recombinant human macrophage colony-stimulating factor (M-CSF,
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Gibco).

4.3.5 Affinofile cell assay

Assays were performed as described previously (159). Briefly, a 96-well black plate

(Costar) was pre-treated with poly-L-lysine by adding 75 µL of 0.1 g/L poly-L-lysine in PBS

to each well, incubating at 37◦C for 20 min, then removing the solution. Affinofile cells were

plated at a density of 2.0 x 104 cells in 100 µL for each well. After 18 - 20 h, ponasterone A

(Invitrogen) was added to the medium at a final concentration of 5 nM to induce maximum

expression of CCR5, and doxycycline (Sigma) was added to the medium at either a final con-

centration of 5 ng/ml to induce maximum expression of CD4 or no doxycycline was added

for minimum expression of CD4. After 20 additional hours, the medium with the chemical

inducers was replaced with normal medium (i.e. lacking ponasterone A and doxycycline) and

virus was added to the cells. The plates were centrifuged at 2000 rpm for 2 h at 37◦C, then

incubated at 37◦C. After 48 hours, the medium was removed and the cells were washed once

with PBS then lysed with 50 µL of Reporter lysis buffer (Promega). The lysate was stored

at -80◦C. Virus entry was then assessed by thawing the lysates and quantifying luciferase

expression by using a luciferase assay system for firefly luciferase (Promega).

4.3.6 MDM assay

Monocyte-derived macrophages (MDMs) were plated at a density of 5.0 x 104 cells in 0.5

ml for each well of a 48-well plate. Five days after plating, 50% of the medium replaced.

After an additional two days, viruses were added to the well and the plates were centrifuged

at 2000 rpm for 2 h at 37◦C. The plates were washed once with PBS, washed once with

medium, then a full medium change was done to remove unbound virus. After 48 h, the cells

were washed twice with PBS and lysed with 50 µL of Reporter lysis buffer (Promega), and

the lysate was stored at -80◦C. Virus entry was then assessed by thawing the lysates and

quantifying luciferase expression by using a luciferase assay system (Promega).
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4.3.7 Neutralization assays

Neutralization assays using TZM-bl cells have been previously described (215). Briefly,

soluble CD4 (sCD4) or a neutralizing antibody was serially diluted across a 96-well black

plate (Costar). Virus was added at a single concentration (approximately 150,000 RLU) and

incubated with the antibody or sCD4 for 60 min at 37◦C. TZM-bl cells were added to a

density of 1.0 x 104 cells per well and incubated 48 h at 37◦C.

4.4 Results

We made recombinants using pairs of HIV-1 env gene expression vectors derived from

one macrophage-tropic (M-tropic) and one T cell-tropic (T-tropic) virus isolated from each

of five subjects. These env genes have been extensively characterized by both genetic and

phenotypic analyses to clearly identify the cellular tropisms of the viruses associated with

the encoded Env proteins (61, 99, 276). The M-tropic viruses analyzed in this study can be

clearly distinguished from the subject-matched T-tropic viruses by four criteria: (1) central

nervous system compartmentalization (a viral population that is genetically and anatomically

distinct from the more typical lymph/blood-associated T-tropic viral population), (2) efficient

use of low CD4 densities (such as those found on macrophages) for cell entry, (3) sensi-

tivity to neutralization by soluble CD4 (sCD4), and (4) efficient entry of monocyte-derived

macrophages (MDMs). We have recently shown that the ability to use low CD4 densities for

entry (i.e. efficient CD4 usage) is strongly predictive of macrophage tropism and can even

detect viruses with a weak M-tropic phenotype (i.e. an intermediate phenotype between T-

tropic and M-tropic viruses (276)). To measure CD4 usage, we used Affinofile cells with a

range of inducible CD4 expression levels to assay for M-tropic viruses. The CD4low Affinofile

cell assay (99, 159, 276) allows rapid screening for M-tropic viruses by using viruses to infect

Affinofile cells expressing the minimum density of CD4 (CD4low Affinofile cells) normalized

to infection of Affinofiles expressing maximum CD4 density (CD4high Affinofile cells).
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HIV-1 env sequences are highly diverse (97), making sequence comparisons difficult. To

demonstrate the variation in HIV-1 Env proteins, we used amino acid consensus sequences

from 80 subjects with subtype B HIV-1 infection and plotted the frequency of each amino

acid at each position (Figure 4.1). This plot highlights a large degree of length variation in the

V1, V2, V4, and V5 regions and a substantial amount of variation in both the variable regions

and in the relatively conserved C3 region.

4.4.1 Macrophage tropism is not determined by C-terminal length variation

. Three of the five M-tropic env genes encoded a read-through mutation of the termination

codon and extended the Env protein 4 to 14 amino acids past the consensus terminus, which

is rare (Figure 4.1). To test whether this 5 extension of the Env protein had any effect on

macrophage tropism, we reinserted a stop codon at the subtype B HIV-1 consensus position.

Parental or mutated env expression vectors were used to pseudotype virus particles made from

an Env-deficient HIV-1 luciferase reporter construct, and the pseudotyped virions were ana-

lyzed using the CD4low Affinofile cell assay (Figure 4.2). Luciferase activity was measured in

relative light units (RLUs) as a proxy for infection. All CD4low infectivity values are reported

as a percentage of the CD4low infectivity achieved by the parental M-tropic from the same

subject.

Truncation of the extra four amino acids in the T-tropic Env protein from 5002, nine in

4059, and fourteen in 4013 had no detectable effect on the ability to use low CD4 for infec-

tion (CD4low infectivity; Figure 4.2). Nor were there substantial differences in the specific

infectivity of the viral stocks as measured by infectivity on Affinofile expressing high (per-

missive) levels of CD4 as a function of stock volume. Although the extra amino acids are

conspicuous and enriched in these M-tropic viruses, there appears to be no effect on virus

function possibly due to Env proteins being pseudotyped with unrelated structural proteins.
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Figure 4.1: Amino acid variation in HIV-1 Env proteins Consensus amino acid sequences
were created for 80 different subjects with subtype B HIV-1 infection. Each amino acid is
represented by a different color as indicated at the bottom of the figure. The length of each bar
represents the frequency of each amino acid present at that position. Black bars represent the
absence of any amino acid at that position. The numbers along the X-axis indicate the amino
acid position per HXB2 numbering.
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Figure 4.2: Truncation of extra 5 length in gp41 does not affect CD4low infectivity In the
three M-tropic env genes that had a read-through of the termination codon, the consensus
termination codon was inserted to truncate the Env protein to consensus length (and to match
the subject-matched T-tropic protein).

4.4.2 Recombinants between paired M- and T-tropic env genes map the domains responsible

for macrophage tropism

To reduce the noise of subject-to-subject variation, we compared each M-tropic env se-

quence only with a subject-matched T-tropic env sequence, which reduced the number of

coding changes to 93 changes per pair on average (Figure 4.3). To reduce the analysis of dif-

ferences unrelated to tropism, we used restriction enzyme digestions and ligation to perform

homologous swaps between subject-matched env genes, resulting in the insertion of a rela-

tively large sequence from the M-tropic env gene into the T-tropic background (replacing the

homologous T-tropic sequence) to create chimeric env expression vectors. Where possible, we

made additional homologous swaps between the new chimeras and the parental T-tropic env

genes to produce smaller M-tropic inserts. When convenient restriction sites were not avail-

able, we used overlap-extension PCR (OE-PCR) to replace regions of the parental T-tropic env

expression vector with smaller M-tropic env sequences. This resulted in chimeric env genes
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Figure 4.3: The number of
amino acid differences be-
tween subject-matched Env
proteins The number of cod-
ing changes between paired
Env proteins was calculated
and reported as the raw num-
ber of differences.

wherein some portion of the M-tropic sequence (represented by boxed regions; Figure 4.4)

have replaced the homologous region in the subject-matched T-tropic background sequence.

103



104



Figure 4.4 (previous page): Chimeric Env proteins with M-tropic inserts in a T-tropic
background Restriction digestion/ligation and overlap-extension PCR (Appendix B) were
used to generate chimeric env gene vectors. Starting with a T-tropic env gene, several regions
were replaced with homologous sequences from subject-matched M-tropic env gene (black
boxes). Viruses pseudotyped with these chimeric env genes and a Luciferase reporter construct
for use in infectivity assays (see Figure 4.3).

For each subject, we compared the chimeric and parental pseudoviruses to evaluate whether

each M-tropic sequence insertion was able to confer efficient CD4low infectivity (Figure 4.5).

Several of the M-tropic insertions resulted in an all-or-none response (i.e. the chimera pro-

duced a CD4low infectivity similar to either the parental T-tropic or M-tropic Env-pseudotyped

virus). However, in some cases, the chimera produced an intermediate CD4low infectivity,

which indicates that there are multiple genetic determinants interacting to affect CD4low in-

fectivity and suggests that CD4low infectivity is a continuous rather than a bimodal phenotype.

Most surprising was that, for one env gene pair (5002), we generated a chimera env gene

that induced greater CD4low infectivity than that of the parental M-tropic env gene (Figure

4.5a). Although it is possible that this is an artifact of creating an artificial recombinant, it is

also possible that this super-M-tropic chimera reveals CD4low infectivity being checked either

intentionally in defense of some other function or unintentionally, suggesting that macrophage

tropism is not yet fully optimized in the parental M-tropic env gene. The smallest region able

to confer maximum CD4low infectivity was also found in the 5002 pair: from just upstream of

V4 through V5 (amino acids 367-471). CD4low infectivity affected by a smaller region may

suggest that the parental T-tropic env gene is primed for low CD4 usage by mutations present

in both the parental T-tropic and M-tropic env gene. Alternatively, a small effector region

combined with the super-CD4low infectivity may support the hypothesis that there exists some

reason to dampen CD4low infectivity in the blood (from which the T-tropic env gene was

isolated) but not in the cerebrospinal fluid (from which the M-tropic env gene was isolated).

In contrast, subject 7115 revealed effectors of CD4low infectivity spanning all five vari-

able regions (V1-V5) from position 123-471 (Figure 4.5b). If the 7115M V1-V5 region was
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Figure 4.5: CD4low Affinofile assay of chimeric Env proteins Viruses pseudotyped with
chimeric env genes (black bars) were evaluated for the ability to use low levels of surface
CD4 for entry in the CD4low Affinofile assay compared with parental T-tropic (red bars) and
parental M-tropic (blue bars) Env proteins. Each chimeric Env protein is identified by the
M-tropic region (see figure 4.2). All values are normalized to the subject-matched parental
M-tropic Env proteins. All chimeras were tested; bars not visible represent extremely poor
relative CD4low infectivity. Note: the plot of 5002 uses a different scale.
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divided (e.g. within the V3), the two resulting fragments conferred a combined CD4low in-

fectivity of approximately 50% of the M-tropic parental env gene. Other chimeras that split

the V1-V5 region in the C3 had similar effects, giving a combined CD4low infectivity of only

34% compared to 90% in the chimera including the full 123-471 region. These reductions in

CD4low infectivity suggest a complex and interactive contribution of multiple genetic determi-

nants to the CD4low infectivity phenotype.

The remaining three subjects (4013, 4051, and 4059) required regions encompassing the

V3 through V5 regions for maximum CD4low infectivity (Figure 4.5c-e). Because 4013 M-

tropic inserts at amino acid positions 74-607 and 308-(3) gave CD4low infectivity values in-

distinguishable from the 4013 M-tropic parent, 308-607 is likely the full range of effectors.

However, fully half of the CD4low infectivity is contributed by a very relatively small range of

amino acids at positions 459-476, which spans the V5 region. For subject 4051, we were able

to create a chimera with M-tropic residues at positions 308-471 that was able to confer 80%

of the CD4low infectivity observed for the M-tropic parent. Like in 7115, however, splitting

this region in either the C3 or the C4 resulted in combined CD4low infectivity values of less

than half of those from the 308-471 chimera. Based on the observation for 4013 in which

half of the CD4low infectivity could be traced to a small fraction of the whole effector region,

we constructed a chimera with two M-tropic inserts at 308-365 and 460-465. The 308-365 +

460-465 combined chimera did increase the CD4low infectivity, but only to 45%, indicating

that we have not fully accounted for the interactions within the 308-471 region.

For subject 4059, we were also able to create a chimera able to confer nearly 80% of the

infectivity observed for the M-tropic parent with a similar M-tropic region. When this region

was split in the V4, the 248-397 region conferred 33% CD4low infectivity and the 397-471

conferred only 5% CD4low infectivity. Thus, 4059 is the only pair of the five studied in which

the V5 region cannot independently contribute a substantial portion of the CD4low infectivity.

However, this does not rule out contributions, minor or substantial, from the V5, but it does

rule out the ability to affect CD4low infectivity independently. It is also possible that the
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V5 mutations are not effectors at all and are actually compensatory for mutations elsewhere

- perhaps mutations already incorporated but quiescent in the parental T-tropic clones from

4013, 4051, 5002, and 7115, but not 4059.

4.4.3 Site-directed mutagenesis maps specific residues involved in macrophage tropism

. Reducing the regions further resulted in chimeras with drastically reduced CD4low in-

fectivity, making it difficult to detect real differences in CD4low infectivity among the small

recombinants. Therefore, we used site-directed mutagenesis to change a single amino acid in

the M-tropic env gene within the region identified by the previous chimeras to match the amino

acid of the T-tropic env gene. This process resulted in approximately 24 M-tropic clones per

subject (on average; range: 15 to 34) each with a single amino acid substitution. Substituting

T-tropic amino acids into the M-tropic background is most likely to allow us to detect a loss

in CD4low infectivity for positions involved in cellular tropism. These point substitutions are

more likely to reveal genetic determinants, even if they are dependent upon other determi-

nants, than would the reverse, which might be confounded if the substituted amino acid is

involved in CD4low infectivity but is unable to effect a change in CD4low infectivity alone.

The singly mutated M-tropic clones were pseudotyped and assayed for CD4low infectiv-

ity (Figure 4.6). Because of variability in the CD4low assay that increases at higher CD4low

infectivity values, we cannot distinguish a reduction by less than 10% from no reduction.

These fairly insubstantial changes occurred in approximately two-thirds of all individual sub-

stitutions combined across all five pairs. The detection of several amino acid substitutions

able to reduce CD4low infectivity 10% or more allowed us to focus on these more substantial

and reproducible changes, which make up approximate one-third of all substitutions. Each

of the five pairs tested had between one and five substitutions that reduced CD4low infectivity

substantially, by more than 40%, representing only one-tenth of all individual substitutions.

4013, 4051, and 4059 all revealed genetic determinants in the both the V3 and V4 regions.

4013, 5002, and 7115 revealed genetic determinants near CD4 contact residues. 7115 is the
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Figure 4.6: CD4low Affinofile assay of site-directed mutant M-tropic Env proteins Viruses
pseudotyped with M-tropic env genes mutated to encode an T-tropic amino acid substitution
(black bars) were evaluated for the ability to use low levels of surface CD4 for entry in the
CD4low Affinofile assay compared with parental T-tropic (red bars) and parental M-tropic (blue
bars) Env proteins. Each mutated Env protein is identified by the amino acid substitution. All
values are normalized to the subject-matched parental M-tropic Env proteins. Note: 5002T
K440R was non-infectious and so could not be evaluated for relative CD4low infectivity.
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only pair to reveal a determinant in the V1/V2 region, but a single mutation at that position had

a substantial effect on CD4low infectivity. Notably, every subject-matched pair of env genes

tested had between one and five amino acid substitutions within positions 460-465 that could

modulate CD4low infectivity.

The substitutions in 4013M that had the greatest effect were I317F and a deletion of

NSNW at position 392. Reverting the parental M-tropic Env protein to the amino acid compo-

sitions of the T-tropic Env protein at these positions resulted in a CD4low infectivity reduction

of more than 50% each (Figure 4.6a). There were another eight substitutions that resulted in

more modest reductions of CD4low infectivity between 10% and 40%. Four of these were in

the C3 region and one was in the V4, but none of these were near the CD4 binding residues.

However, a G429E substitution occurred at a CD4-interacting residue and reduced CD4low

infectivity by 35%. The remaining two substitutions occurred in the V5 region. Mutations

made in the chimera of 4013T with the M-tropic 459-476 region indicated a role for Y460R

and L471I in CD4low infectivity (data not shown), bringing the total to four substitutions in

the V5 that affect CD4low infectivity.

All of the substitutions in 4051 that were able to reduce CD4low infectivity by ¿40% were

located in the V5 region (Figure 4.6b): N460R, an insertion 465.1R, and a deletion A465.3 and

P465.4 (note: the fractions of positions indicate that these amino acids are positioned between

numbered positions in HXB2, e.g. 465.1 is between positions 465 and 466). Deletions of

A465.3 and P465.4 affect CD4low infectivity either individually (data not shown) or combined

(Figure 4.6b at far right). Similar to 4013, substitutions with modest effects occurred in the

C3 and V4 regions and were not proximal to CD4 binding residues.

The substitutions in 4059 resulting in the most substantial reductions in CD4low infectivity

were in the V3 tip (P313Q) and in the V5 region (SN*DT460G and P465T, where * indicates a

potential N-linked glycosylation site; PNGS). More modest effects resulted from substitutions

H318Y (in the V3 region, near to P313Q) and Q389K (in the V4 region). This subject-matched

pair of Env proteins revealed the fewest effectors of CD4low infectivity and so may provide the
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simplest model of interaction between positions effecting CD4low infectivity.

Generally, the substitutions have not significantly impacted the intrinsic infectivity of the

mutant pseudotyped viruses. However, the K440R substitution in 5002 results in a virus with

no detectable infectivity (Figure 4.6d). Lysine and arginine residues are fairly similar in their

physical properties and are commonly substituted for one another to little effect; so it is cu-

rious that such a swap could render an Env protein completely non-functional. A N425H

substitution, which is two amino acid positions away from a CD4-interacting residue, pro-

duces a substantial reduction in CD4low infectivity. Another substitution T375M produces a

more modest effect, but is also relatively close to CD4-interacting residues. The remaining

substitutions with substantial effects are in the V5: E461T, S462N (no PNGS), and an in-

sertion 465SNE. Two additional substitutions in the V5 with more modest effects on CD4low

sensitivity support involvement of the V5 region in CD4low infectivity.

The 7115 pair appears to have relatively few substitutions that affect CD4low infectivity.

However, the effect of each substitution is minimized by the fact that the parental 7115 M-

tropic Env protein achieves nearly twice CD4low infectivity of the other parental M-tropic Env

proteins. Thus, the 60% reduction in CD4low infectivity caused by the S197N* mutation,

which is located at the base of the V1/V2 structure, is even greater than it appears. A V281A

in the D loop, which directly interacts with CD4, causes a more modest effect on CD4low

infectivity. Another substitution R421K is near CD4-interacting residues at 427 and 429,

but has a fairly small effect on CD4low infectivity. Three substitutions that modestly effect

CD4low infectivity are located C2 region and another three are in the V5 region. Thus, despite

the wide region involved, a similar number of amino acids in 7115 appear to be involved

in CD4low infectivity (eight with a detectable effect) compared to other subject-matched Env

proteins.
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4.4.4 Site-directed mutagenesis to evaluate contributions of single substitutions

. For each substitution that resulted in either moderate or substantial reduction in CD4low

infectivity, the reciprocal mutation was made in the T-tropic env gene (e.g. because 4013M

I317F resulted in a 67% reduction, we generated a 4013T F317I mutant). This resulted in

5 to 17 (mean = 10) mutant env genes per T-tropic env gene. As before, these mutant env

genes were pseudotyped and assayed for CD4low infectivity (Figure 4.7). However, most

individual substitutions had only very small effect on CD4low infectivity, usually increasing

the infectivity of the T-tropic Env-pseudotyped virus by less than 10%, relative to the parental

M-tropic Env-pseudotyped virus.

For positions where a substitution had a large effect in reducing CD4low infectivity in an

M-tropic virus but little or no effect in the paired T-tropic virus, we suspect that these positions

are potentiating enhanced CD4low infectivity but cannot cause an effect alone. In one notable

case, the H425N mutation in the 5002T background increased the CD4low infectivity to 23% of

the parental M-tropic value. The parental 5002 T-tropic Env protein has a relatively rare amino

acid at position 425 a histidine which is a positively charged residue that contains a relatively

bulky aromatic ring. On the other hand, position 425 of the parental 5002 M-tropic Env

protein is the typical asparagine, which is smaller, uncharged, and non-glycosylated. In this

case, changing a rare variant to the typical variant caused enhancement in CD4low infectivity,

which hints at the presence of contributing or potentiating substitutions that are shared by both

the M-tropic and T-tropic Env proteins from 5002.

Based on the results generated from testing single mutations in both the T-tropic and M-

tropic env genes, we selected substitutions that most substantially altered CD4low infectivity

for each subject-matched pair of env genes (Figure 4.8). To better understand how individual

substitutions interact, we used site-directed mutagenesis to create T-tropic env genes contain-

ing mutations for multiple amino acid substitutions, starting with the substitution that had the

largest effect on CD4low infectivity and accumulating additional substitutions in a stepwise

fashion. As a proof of principle experiment, we tested a 4013 T-tropic env gene mutated to
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Figure 4.7: CD4low Affinofile assay of site-directed mutant T-tropic Env proteins Viruses
pseudotyped with T-tropic env genes mutated to encode an M-tropic amino acid substitution
(black bars) were evaluated for the ability to use low levels of surface CD4 for entry in the
CD4low Affinofile assay compared with parental T-tropic (red bars) and parental M-tropic (blue
bars) Env proteins. Each mutated Env protein is identified by the amino acid substitution. All
values are normalized to the subject-matched parental M-tropic Env proteins.
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encode two substitutions, R460Y and L471I, in the CD4low Affinofile assay. Although indi-

vidually, each substitution was only able to enhance CD4low usage from 0% (i.e. parental T-

tropic Env-pseudotyped virus) to 3% or 6% of that observed for the M-tropic Env-pseudotyped

virus, the double mutant increased CD4low infectivity to 21% of that observed for the M-tropic

Env-pseudotyped virus. If each substitution was acting independently, the CD4low infectivity

would have been 9% (for additive effects) or less (for antagonist effects). Therefore, these two

substitutions are likely acting synergistically.

Figure 4.8: Summary of amino acid substitutions that affect CD4low infectivity A map
of the gp120 region of HIV-1 has been marked with HXB2 numbering and the five variable
regions (V1-V5) have been marked in gray. The substitutions that affect CD4low infectivity
have been marked in yellow.

4.5 Discussion

The genetic determinants of macrophage tropism in HIV-1 have proven elusive despite

genetic analyses of large cohorts of viral genomes and focused studies of a few subjects that

combine genetic analysis with in vitro infection of MDMs. Identification of candidate mu-

tations in silico has been stymied by the remarkably high variation in the HIV-1 env gene.

High-throughput screening of cellular tropism in vitro has been curtailed by limited batch size

and variation in MDMs. The creation of Affinofiles (154) and the development and validation

of the CD4low Affinofile assay (61, 99, 276) has enabled high-throughput screening of CD4

usage as a proxy for macrophage tropism with greater accuracy, higher reproducibility and in-

creased capacity compared to MDM infection. By using the high-throughput capacity of the
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CD4low Affinofile assay, we were able to screen each env gene comprehensively using molec-

ular genetics methods, which was vital to capturing a majority of the genetic determinants of

macrophage tropism that evolved in each subject.

Despite the lack of a single unifying amino acid substitution to form the foundation of

macrophage tropism across all five subject-matched pairs, each pair had between one and

five (mean = 3) substantial determinants in the amino acid positions 460-465, which perfectly

describes the hypervariable region of V5. This region is also involved with binding to, and

resistance against, VRC01 (1, 277, 278), which is a broadly-neutralizing antibody targeting

the CD4 binding site (CD4bs), and ibalizumab, which is an antibody targeting CD4 (279).

Together, these observations support interaction of the V5 region and the CD4bs in the folded

protein, especially if the V5 region has been modified to be larger or more reactive with either

CD4 or within the CD4 interaction site on the HIV-1 Env protein (Figure 4.9). Curiously,

only three of the five pairs complemented the determinants in the V5 with major determinants

directly proximal to major CD4 contacts, i.e. within 10 amino acid positions: 4013, 5002, and

7115.

Figure 4.9: The gp120 region of HIV-1 Env complexed with CD4 (1) The V5 loop protrudes
out over the CD4 binding site of the HIV-1 Env protein. Normally, the V5 does not directly
interact with CD4, but can interact with and sometimes sterically restrict larger molecules such
as antibodies. It is possible that a cluster of changes in the V5 could alter the V5 structure and
bring it into closer proximity to the CD4-Env interaction.
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Three pairs (4013, 4051, and 4059) complemented determinants in the V5 with determi-

nants in the V3 and V4 regions. The V3 region has long been known to affect cellular tropism,

containing the major determinants for evolving to target nave T cells (via the CXCR4 corecep-

tor) rather than memory T cells (via the more typical CCR5 coreceptor). For 4013, encoding

a I317F substitution into the M-tropic env gene comes with the cost of an overall loss of in-

fectivity, which may artificially enhance the loss of CD4low infectivity. However, there is no

apparent decrease in infectivity for any other of the other substitutions in any of the pairs. The

M-tropic and T-tropic env genes do not confer any detectable difference in coreceptor usage

for any of the pairs tested (99), making it unclear how an amino acid substitution in the V3

might enhance CD4 usage, much less the G-P-G-R tip of V3 that interacts with the corecep-

tor. Nor are there any patterns in the types of substitutions (e.g. charge, size, etc.) made in

different pairs. Although it is possible that the substitutions affected Env-CCR5 interactions

in a way too subtle to be detected in coreceptor usage, it is more likely that mutations in the

V3 and V4 are causing subtle changes in the structure of Env to enhance CD4low usage.

7115 is unusual in that macrophage tropism involves the V5, two CD4bs-proximal mu-

tations (including one in the D-loop), and a mutation in the V1/V2 structure at position 197

(also identified by (271, 280). Making the S197N* substitution in the parental 7115 M-tropic

env gene resulted in a substantial decrease in CD4low infectivity, losing 60% of the original

efficiency. Changes in the V1/V2 region of Env have also been implicated in macrophage

tropism as detected by antibody sensitivity (130, 276), though the mechanism is less obvious

because the functions of V1/V2 that have been revealed to date include immune evasion and

trimer stability. It seems likely that the full complement of V1/V2 functions has not yet been

revealed. Because the 7115 M-tropic env gene can induce an absolute CD4low infectivity value

nearly two-fold greater than all of the other M-tropic env genes in this study, it is tempting

to view the 7115 M-tropic virus as further evolved toward some optimal macrophage tropism

than the other M-tropic viruses assayed. However, without knowing the end point or perfectly

optimized state of macrophage tropism, or whether that optimum can be reached by two dif-
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ferent viral populations from two different subjects, it is difficult to compare the evolution of

M-tropic env genes from different subjects.

The analysis also turned up patterns in CD4low infectivity resulting from single substitu-

tions. For three of five M-tropic env genes, the reduction in CD4low infectivity seemed to

cluster into distinct groups. For example, in the 4013 M-tropic env gene, there were four sub-

stitutions that reduced the CD4low infectivity by more than 65% and eight substitutions that

reduced the CD4low infectivity by 10%-35%, but no substitutions that resulted in a reduction

in the 35%-65% range. Although the relatively small number of mutations for each pair could

potentially create or exaggerate this separation, it also may indicate that there are major and

minor genetic determinants of macrophage tropism; i.e. that some are the primary foundation

for enhanced CD4low infectivity and the others are supplemental. However, this model is un-

able to differentiate whether these minor mutations further optimize macrophage tropism or

whether they are compensatory and mitigate detrimental effects caused by the primary deter-

minants.

When making substitutions in the T-tropic background, only one substitution encoded

in one subject-matched pair of env genes had a substantial effect on CD4low infectivity (¿

10% relative to the parental M-tropic value). A H425N substitution encoded into the 5002

T-tropic env gene resulted in 23% CD4low infectivity (normalized to parental 5002 M-tropic

values). The relatively bulky, aromatic ring-containing histidine encoded in the parental T-

tropic env gene may have been blocking CD4low infectivity-enhancing substitutions that had

already accumulated elsewhere in the T-tropic Env protein. Replacing the histidine with the

smaller, uncharged, and unglycosylated asparagine, which is the typical amino acid at position

425, may have unblocked access to the CD4bs, allowing other mutations to enhance CD4low

infectivity. However, this theory suggests that even the 5002 T-tropic Env had started to evolve

toward macrophage tropism, but had acquired a block to that progress with unclear benefits

(if any). We hypothesize that if the other mutations increased exposure of the CD4bs for

enhanced CD4low infectivity, it is possible that the histidine was selected for to prevent against
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immune access to the CD4bs and neutralization of the virus.

The evolution of M-tropic viruses to efficiently infect macrophages does not impair their

ability to infect CD4+ T cells. Without any apparent consequence to fitness, it is unclear why

adaptations to use CD4 more efficiently are not more common. It has been hypothesized that

enhanced CD4 usage was achieved through exposure of neutralization-sensitive epitopes on

the HIV-1 Env protein, and so could only evolve in immunoprivileged compartments like the

CNS. However, M-tropic Env proteins are not more sensitive to neutralization by polyclonal

antibodies in homologous serum than T-tropic Env proteins (276). It is still possible that

there are specific neutralizing epitopes that become more accessible to antibody recognition

during evolution to macrophage tropism, particularly in the CD4bs. Changes in the CD4bs are

supported by increased CD4 usage and increased sensitivity to sCD4 in M-tropic compared

to T-tropic Env proteins. Other studies have shown potential for increased exposure of the

CD4bs, which may make it more sensitivity to neutralization by CD4bs-targeting antibodies -

and not other antibodies but the results have been mixed (130, 187, 207, 276).

It will be difficult to truly understand all of the mutations involved in the evolution of

macrophage tropism without longitudinal sampling of HIV-1 env genes in the rare number of

subjects who develop M-tropic viral populations. Furthermore, sampling must begin before

the future-M-tropic population diverges from the rest of the T-tropic populations. The diffi-

culty of obtaining such samples makes that method all but impossible. However, by mapping

the major genetic determinants in existing subject samples through a combination of genetic

and functional characterizations, it is possible to infer the major steps along the evolutionary

pathway to macrophage tropism and may eventually enable genetic screening for M-tropic

virus.
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CHAPTER 5

DISCUSSION

5.1 Summary, Synthesis, and Future Directions

Macrophage tropism in HIV-1 has been refractory to detailed characterization for several

reasons. First, M-tropic viruses are detected only rarely in HIV-1 infection. M-tropic viruses

are most frequently observed in the central nervous system, which cannot be accessed in

living subjects and is inferred using CSF. Second, the high natural genetic variation in HIV-1,

compounded by the small number of examples of M-tropic virus, has prevented identification

of the genetic determinants of macrophage tropism. Without an identifying genetic signature,

screening for these variants is arduous and requires HIV-1 env genes to be isolated, cloned,

expressed, and assessed phenotypically. Third, the phenotypic test (MDM infectivity), which

until recently was widely used, was highly variable and allowed uncertainty in identification

and was not sensitive enough to reliably identify intermediate phenotypes between that of

T cell tropism and macrophage tropism. These factors have stymied attempts to clarify the

genetic and phenotypic characteristics of macrophage tropism in HIV-1.

To compile a panel of viruses with indisputable cellular tropism classification, we used

subject-matched pairs of T-tropic and M-tropic (or intermediate) viruses that were rigorously

defined using several in vitro assays and relevant clinical measures. The generation of the

Affinofile cell line with independently regulatable CD4 and CCR5 expression has enabled

development of new methods for screening and evaluating cellular tropism. Measuring infec-

tivity over a range of CD4 densities provides a sensitive measure of CD4 usage. Alternatively,
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measuring infectivity at only the lowest density of CD4 (CD4low infectivity) provides an ac-

curate detection of cellular tropism that can be using for high-throughput screening. We used

CD4low infectivity screening to identify primary isolates with intermediate cellular tropism

and to identify the determinants of macrophage tropism. We then used CD4 titration to pro-

vide detailed CD4 usage characteristics of T-tropic, M-tropic, and intermediate HIV-1 Env

proteins.

We began by assessing different cell types potentially targeted by HIV-1 with different

cellular tropism. We measured CD4 densities on Affinofile cells and on human memory T

cells, monocytes, and monocyte-derived macrophages (MDMs) ex vivo using flow cytometry.

Differences in CD4 usage between M-tropic and T-tropic Env proteins were correlated with

the differences in CD4 receptor densities (but not CCR5 coreceptor densities) on the targeted

cell type. Screening large numbers of subjects for cellular tropism variants using CD4low

infectivity enabled identification of primary isolates with intermediate CD4 usage. Detailed

analysis of CD4 usage through CD4 titration revealed that M-tropic Env proteins display

increased cooperativity in interactions with CD4, though whether fewer CD4 molecules are

required to activate each spike or activation of fewer spikes is required for fusion remain

entangled. Infection of MDMs with a panel of primary isolates that displayed a wide range

of CD4 usage phenotypes revealed that CD4 usage is strongly predictive of MDM infectivity

not just categorically but linearly over a continuous range, challenging the model that cellular

tropism is bimodal or categorical.

Physical changes in the CD4 binding site (CD4bs) of M-tropic Env proteins have been

revealed through probing reagents targeting the CD4bs. Probing the CD4 binding site using

several CD4bs antibodies, which are relatively bulky and normally sterically restricted in T-

tropic Env proteins, revealed a trend toward increased access as measured by neutralization

of M-tropic Env proteins. However, larger panels of viruses will need to be tested to assess

whether any differences in sensitivity to CD4bs antibodies are significant, statistically and

phyisologically. In contrast, a small molecule inhibitor (too small to be sterically restricted)
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showed no difference in sensitivity to inhibition. A more ideal binding partner, sCD4, was

vastly more inhibitory for M-tropic compared to subject-matched T-tropic Env proteins. To-

gether, these data suggest that the M-tropic Env proteins may have reduced the steric restric-

tion of the normally narrow pocket of the CD4bs in order to enhance interactions when CD4

when densities are low.

Surface plasmon resonance can make precise measurements of binding interactions be-

tween HIV-1 Env proteins and CD4, but has been problematic due to the difficulty in making

soluble versions of the external portion of Env trimers while maintaining the functionality of

the full protein structure. However, a new strategy has been recently developed to create sol-

uble Env trimers that function more naturally (263, 281-283). It may be possible to use that

strategy to develop soluble versions of our M-tropic and T-tropic clones that can be used in

protein binding experiments. Alternatively, it may be possible to develop an ELISA protocol

using pseudotyped viruses and purified anti-gp140 IgG conjugated to a reporter molecule. The

ELISA has less accuracy than surface plasmon resonance, but may be possible with reagents

already in existence. Regardless, in order to truly understand how M-tropic viruses are inter-

acting differently with CD4, the relative binding properties of CD4 and M-tropic or T-tropic

Env proteins will have to be more directly examined.

Adaptation to use the lower CD4 levels found on macrophages resulted in M-tropic Env

proteins with changes in their interactions with CD4 both quantitatively and qualitatively.

However, few M-tropic Env proteins appear to rely on evolving changes in or near sites of

direct CD4 interaction, including contact residues clustered on either end of the V4 region

and the D loop, which is just upstream of V3. Three of the five M-tropic primary isolates

tested (4013, 5002, and 7115) were dependent upon peri-CD4bs substitutions that resulted

in residues either smaller, in the cases of 4013 and 5002 or similar in size and charge to the

original in 7115. This supports the model of reduced steric restriction in 4013 and 4051, but

cannot explain the changes in 7115. Encoding substitution of the M-tropic amino acid into

the T-tropic Env protein at position 425 was able to individually confer a significant increase
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in CD4low infectivity (23% of the parental M-tropic Env). However, none of the other four

peri-CD4bs substitutions identified in 4013, 5002, or 7115 had a substantial effect on CD4low

infectivity individually and other substitutions produced larger effects in 4013 and 7115.

Due to the late stage of disease and the presence of an environment where M-tropic viral

populations can and have emerged, it is possible that the T-tropic clones are not purely T-

tropic in that their phenotype is T-tropic, but they have preparatory or permissive mutations

that enable evolution of macrophage tropism. If so, these permissive mutations would be

veiled by their presence is both the T-tropic and M-tropic env genes, but may be detected by

comparing each pair of env genes in this study with a large cohort of env genes from subjects

with only T-tropic viral populations. The variation patterns may be too complicated to extract

additional compensatory mutations in this way, but we cannot ignore the fact that we have,

necessarily, used T-tropic viruses from subjects in whom M-tropic viruses have evolved and

the implications for variation in T-tropic viruses.

The V5 region was most consistently involved in CD4 usage with all five M-tropic env

genes containing determinants in that region. Of the 31 substitutions affecting CD4low infec-

tivity across all five pairs of primary isolates tested, fifteen were located in the V5 and one

was located just upstream of the V5, representing almost half of the total genetic determinants

in this panel of subject-matched primary isolates. The V5 is by far the smallest of the five

variable loops in the gp120 protein structure with a hypervariable region (positions 460-465)

that is typically between four and ten (occasionally more) amino acids in length. The V5 is

also unusual in that it is defined on each end by clusters of glycine residues rather than by

disulfide-linked cysteine residues. The V5 region itself is not directly adjacent to the CD4bs,

though the C5 region downstream of V5 and upstream of the gp41 interacting domain does

approach the CD4bs. Unlike the substitutions in the CD4bs, V5 substitutions that enhanced

CD4low infectivity were larger and more hydrophobic than the original amino acid. The in-

creased size may reach into the CD4 interaction area to produce an additional interaction with

CD4 or to pull on the downstream C5 region to change potential CD4 interactions there. Al-
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ternatively, changes in V5 could affect the conformational changes in the Env protein as a

result of binding CD4. Even without a precise genetic signature, the consistent trend of V5

substitutions for larger and more hydrophobic amino acids can be calculated and used as a

first pass to sift through env sequences in search of those potentially displaying macrophage

tropism.

Additional genetic determinants of macrophage were identified in the V3 region, though

at lower frequency (three of five pairs). The substitutions in V3 do not have any detectable

effect on coreceptor usage (99) or changes in sensitivity to antibodies targeting V3 and CD4-

induced epitopes (276). The positions of the substitutions are similar in two of the three

pairs (4013 and 4059), but none of the substitutions result in similar changes in amino acid

properties. Therefore, it seems more likely that V3 substitutions are compensatory for changes

made elsewhere. Curiously, all three pairs that employ V3 substitutions also each employ

a V4 substitution, though neither of the other two pairs have changes in either V3 or V4,

suggesting the possibility that the V3 and V4 substitutions are working together. Experiments

are currently underway to evaluate the interactions between individual substitutions by making

different combinations of mutation for each pair.

Even more surprising is the involvement of the V1/V2 region in macrophage tropism.

Probing with antibodies targeting the V1/V2 region showed consistent patterns of resistance

in M-tropic viruses that could not be explained by known resistance mutations and which was

supported by a larger study of unmatched T-tropic and M-tropic viruses (130). Furthermore,

the intermediate viruses appeared to have intermediate resistance to V1/V2 antibodies, though

this observation did not reach significance. Only one pair (7115) contained genetic determi-

nants of cellular tropism in the V1/V2 structure, which has only recently been solved (133,

282). However, a single S197N* reversion substitution in the M-tropic clone to match the

T-tropic and consensus amino acid at this position reduced CD4low usage over 60%. Interest-

ingly, the N*197S in the T-tropic clone had little effect, suggesting that the V1/V2 substitution

is interacting with one of the other determinants. The additional planned experiments will
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evaluate the interaction between position 197 and other determinants of macrophage tropism

in 7115, which are spread throughout the D loop, CD4bs, C4 and V5 regions. It is also im-

portant to note that when we initially narrowed down the regions that are most important for

determining cellular tropism, the smaller regions did not encompass the full CD4low infec-

tivity of the parental M-tropic clone, often losing 10-20% of the original CD4low infectivity.

So although we have identified the major genetic determinants, the evolution of macrophage

tropism is far more complex and involves mutations throughout the env gene to subtly enhance

or compensate the major determinants.

The evolution of macrophage tropism in HIV-1 is complex, requiring the cooperation of

a constellation of mutations throughout the env gene and resulting in Env proteins with a

subtly altered conformation that enables using low levels of CD4 more efficiently. We have

developed a panel of viruses that have been and will continue to be instrumental in exam-

ining host range variation in HIV-1 by focusing on entry and the HIV-1 env gene. We have

also developed an assay to identify cellular tropism with sensitivity and reproducibility that

could be easily standardized across labs and avoids the variation in the current assay based

on MDM infection. By combining these resources we have been able to identify phenotypic

correlates and genetic determinants of macrophage tropism and clarify conflicting observa-

tions that were likely due to inconsistencies in identifying macrophage tropism in primary

isolates and in using tissue culture adapted lab strains to represent M-tropic viruses. We have

started to unravel how M-tropic variants have altered usage of the CD4 receptor to infect a

new target cell with less optimal CD4 expression and exonerated other stages of entry that

are not associated with macrophage tropism despite their capacity for variation. Although the

precise genetic determinants of macrophage tropism have not yet been identified, there is a

trend of substitutions of larger and more hydrophobic residues in the V5 region, which may

provide a rough guide for genetic screening for cellular tropism. Clues about less scrutable

V1/V2 region have been uncovered and hint at potential interactions with the CD4bs. Finally,

discovery of viruses with intermediate phenotypes between those of M-tropic viruses and the
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canonical T-tropic viruses are starting to provide clues about how macrophage tropism might

evolve. Collectively, this work has provided new information about macrophage tropism and

several new tools for exploring evolution and host range variation in HIV-1.
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CHAPTER 6

APPENDICES

6.1 Appendix A: Protocol for Overlap/Extension PCR of Homologous Sequences

In this modified O/E PCR, we are recombining homologous plasmids, allowing us to skip

the steps for creating the insertion fragment (the insertion in the middle, flanked by target

vector sequences). Instead, we will simply choose primers that will amplify regions on either

side of the insertion sequence that are conserved between the inserted template and the target

template.

Choosing primers:

• 30 40 conserved bases are needed on either end of the substitution/insertion sequence.

• The forward primer should match the first 20 bp of the 5 conserved sequence.

• The reverse primer should match the reverse-complement of the last 20-25 bps of the 3

conserved sequence.

• The 3 end of each primer should have at least 1 G or C residue and preferably 2 G/C

residues.

Generation of the insertion construct:

1. Use primers to amplify the insertion fragment from the template to be inserted.

(a) Any high-fidelity DNA polymerase is sufficient at this step (e.g. pfuTURBO).
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(b) Use the recommended protocol, but increase to 50 100 replication cycles (spik-

ing the reaction with additional polymerase may be needed, especially for longer

fragments or more cycles).

2. Gel purify amplified insertion fragment.

(a) Load entire PCR product + loading dye into a single well of a 1% agarose gel.

(b) Electrophorese at 125 V until the bromophenol blue dye.

(c) Purify with Qiagen MinELute Gel Extraction Kit.

3. Quantify DNA and calculate molarity.

(a) Use the nanodrop to quantify DNA.

(b) Use an online calculator to estimate the MW of the insertion fragment.

(c) Use those two measurements to calculate the molarity of the insertion fragment.

4. Use the insertion fragment to prime PCR for insertion.

(a) Use Phusion polymerase (it is 10x more processive than pfu polymerases).

(b) Use the reagents in Table 6.1 (added in the order listed) for a 10-µL reaction (but

larger reactions may be used if there is sufficient amounts of insertion fragment.

(c) Use the cycling conditions in Table 6.2

5. Transform directly from insertion PCR product, because the reaction is not efficient

enough to for the product to be detected by UV in an ethidium bromide gel.

6. Culture transformed bacteria, harvest cells, and extract plasmid DNA using a Qiagen

miniprep kit.

7. Evaluate successful insertion by digest mapping (if possible), then by sequencing.
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Table 6.1: Reagents for Overlap/Extension PCR

Reagent 1 x Volume µL

Water (remaining volume)

5 x HF buffer 2.0

DMSO 0.3

10 mM dNTP 0.2

template DNA (3 ng or 30 ng)

insertion fragment (250 x molarity of template)

Phusion polymerase 0.2

Total reaction 10.0

Table 6.2: Cycling Conditions for Overlap/Extension PCR

Time Temp Repetition

(mm:ss) (◦C)

2:00 100 1x

0:30 94

0:30 60 50x

15:00 68

15:00 68 1x

∞ 4 1x
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6.2 Appendix B: Protocol for Site-Directed Mutagenesis (SDM) PCR

We have adapted the Pfu Turbo (Agilent) PCR protocol and optimized for both site-

directed mutagenesis and for using HIV-1 env as a template.

Designing Primers

• For the region of each primer overlapping the site to be altered (target site), use the

desired final sequence including any additions, deletions, and/or substitutions.

• 11-15 nucleotides (NTs) matching the template are required upstream of the target site,

such that the two 5-most NTs are A/T residues.

• 25-35 NTs matching the template are required downstream of the target site from the

template sequence, such that the two 3-most NTs are G/C residues.

Thus, the final primers should overlap approximately 20 base pairs and should have at

least a 20 base pair 3 overhang on each end, i.e.:

• Forward: 5 - A/T - A/T - X9-13 - (desired mutation) - X23-33 - G/C - G/C - 3

• Reverse: 3- G/C - G/C - X23-33 - (desired mutation) - X9-13 - A/T - A/T - 5

Site-Directed Mutagensis PCR

1. Set up the PCR reaction on ice immediately prior to cycling.

(a) Use Pfu Turbo (Agilent) polymerase.

(b) Use the reagents in Table 6.4 (added in the order listed) for a 50-µL reaction:

(c) Use the following cycling conditions:

2. Perform a digestion with DpnI (NEB; as per manufacturers protocol) to cleave the tem-

plate.
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Table 6.3: Reagents for Site-Directed Mutagenesis PCR

Reagent 1 x Volume (µL)

Water (remaining volume)

10 x Turbo buffer 5.0

DMSO 4.0

10 mM dNTP 1.5

template DNA (10 ng or 100 ng)

forward primer 1.5

reverse primer 1.5

Pfu Turbo polymerase 1.5

Total reaction 50.0

Table 6.4: Cycling Conditions for Site-Directed Mutagenesis PCR

Time Temp Repetition

(mm:ss) (◦C)

5:00 95 1x

0:30 95

0:30 55 50x

10:00 68

10:00 68 1x

∞ 4 1x
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3. Evaluate the PCR-digestion product by gel electrophoresis by migration and band in-

tensity.

4. Transform successful PCR-digestion product into competent MAX Efficiency Stbl2

Competent Cells (Thermofisher; as per manufacturers protocol).

5. Culture transformed bacteria, harvest cells, and extract plasmid DNA using a Qiagen

miniprep kit.

6. Evaluate successful insertion by digest mapping (if possible), then by sequencing.
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