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Abstract

HIV-1infection is characterized by a gradual decline in peripheral CD4+ T cells
and generalized immune dysfunction. While a majority of HIV-infected individuals
eventually progress to AIDS, they do so at varying rates. Determining the host and viral
factors that shape the trajectory of HIV-1 pathogenesis is key for developing rational
prevention strategies. To date, research has focused on elucidating host factors
associated with disease progression while viral factors have been relatively understudied.

The following study utilizes a well-characterized cohort of subtype C Zambian
seroconverters in order to investigate how replicative capacity of the transmitted virus,
as defined by Gag, contributes to HIV-1 disease progression and pathogenesis. From
over 200 Zambian seroconverters, we created Gag-chimeric HIV-1 viruses in which the
patient-derived gag gene was isolated from acute time points and cloned into MJ4. In
individuals recently infected with HIV-1 subtype C, low viral replicative capacity as
defined by the transmitted Gag sequence, was associated with a delayed loss of CD4+ T
cells independent of set point VL and host immunogenetic factors. We hypothesized that
early viral replication might initiate crucial events during early infection that influence
HIV-1 pathogenesis.

Chronic immune activation is a hallmark of HIV-1 infection and predicts disease
progression better than viral load. We show that attenuated replicative capacity leads to
dampened levels of immune activation. Furthermore, we found that in individuals
infected with low replicating viruses, CD8+ T cells were less exhausted and more
cytotoxic perhaps leading to a more functional immune response. Moreover, replicative
capacity was positively correlated with CD4+ T cell proliferation and with levels of HIV
DNA in CD4+ central memory T cells, a population highlighted to be integral for the
maintenance of latency and preferentially spared in non-pathogenic SIV infection.
Consistent with previous studies, we observed that all of these measures of immune
dysfunction were associated with the rate of disease progression in this cohort.
Collectively, this provides a mechanistic link between replicative capacity and CD4+ T
cell decline.

This study highlights the previously unrecognized role that replicative capacity of
the transmitted virus plays in defining several facets of HIV-1 immunopathology and
disease progression.
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Chapter 1: Introduction

Global burden of HIV/AIDS

Acquired Immune Deficiency Syndrome (AIDS) was first recognized as a new
emerging human disease in a case-report study published by the CDC in 1981 [1,2]. This
report documented five cases of homosexual men who had succumbed to unusual
opportunistic infections and malignancies that were more frequently manifested in
individuals with a compromised immune system. Soon thereafter in 1983, a retrovirus
termed Lymphadenopathy Associated Virus (LAV)/Human T-cell Lymphotropic Virus
IIT (HTLV-III) - later to be named Human Immunodeficiency Virus type 1 (HIV-1) —
was isolated from an AIDS patient and identified as the etiological agent of the disease
[3,4]. HIV/AIDS has since been described as one of the most devastating infectious
diseases in history. The rapid spread of HIV/AIDS has resulted in a substantial burden of
health worldwide.

According to the most recent UNAIDS report in 2012, an estimated 35.5 million
individuals are living with HIV worldwide which includes around 2.3 million newly
documented cases that year alone. Despite a significant reduction in the growth of the
epidemic over the past few decades, this decline is not uniformly distributed across all
regions and groups [5]. A majority of HIV-1 infections worldwide, 26.6 million, occur in
Sub-Saharan Africa with over 80% of new infections attributed to heterosexual
transmission worldwide. Zambia is one of the most urbanized countries of Sub-Saharan
Africa, and as a result, has one of the highest per capita rates of HIV-1 infection in the
world. In 2009, approximately 15% of the estimated Zambian population of 13 million
was infected with HIV-1 (UNAIDS 2012) [5]. Despite the fact that over 95% of the Sub-

Sahara African HIV-1 infections are from subtype C HIV-1 viruses [6] the majority of



HIV research has focused on subtype B viruses. As such, future HIV research efforts
should likely focus on studying subtype C HIV-1 viruses, because this subtype represents
over 50% of HIV infections worldwide [7,8].

The development of anti-retroviral treatment (ART) was regarded as a major
turning point in combating the HIV/AIDS epidemic. Its success comes from the ability to
reduce an individual’s viral load, often times to undetectable levels, and therefore
prolongs life expectancy and improves the quality of life [9]. Despite this major
advancement, ART by itself has proven unable to significantly impact the epidemic.
Access to ART within the US is relatively high compared to developing countries, and
yet, infection rates have not drastically declined to manageable levels as was originally
hoped [10]. Adherence issues are of particular concern because intermittent
discontinuation of ART can lead to development of resistance, which can then lead to an
increase in viral load. Transmission of ART-resistant variants within populations would
have dire consequences on the efforts to treat the epidemic with drug therapy alone.
Prolonged and/or lifelong ART therapy can result in adverse effects in treated
individuals. Furthermore, there is also the question of whether such continued use of
ART for an ever-growing population of HIV infected individuals eligible for treatment is
economically sustainable [10,11]. It is therefore imperative to investigate other
preventative and therapeutic strategies. Identifying the components of a vaccine that
would prevent infection is a key goal [12], but alternatively, if sterilizing immunity
cannot be achieved through vaccination in all cases, therapeutic strategies aimed at
functionally curing infected individuals through eradication of viral reservoirs and

treatment of immune dysfunction should also be explored.



Origin, classification, and viral diversity of HIV-1

HIV can be subdivided into two related, but antigenically distinct viruses that can
both cause AIDS: HIV-1 and HIV-2. HIV-2 was discovered in 1986 [13] and is more
closely related to simian immunodeficiency virus (SIV) than to HIV-1 [14,15]. Various
species of primates harbor their own genetically distinct SIV viruses [16]. Surprisingly,
natural SIV infection of nonhuman primates is generally nonpathogenic, which perhaps
indicates significant co-evolution and adaptation between host and virus [17].

Sequencing and phylogenetic analysis of HIV and SIV isolates led to significant
advances in elucidating the origins and classification of HIV [18-21]. HIV can be
categorized into four distinct lineages termed group M or Main, N, O, and P, each the
result of independent cross-species transmission events from non-human primates
[18,20,22]. HIV-1 group M was transmitted by SIVcpz infected Pan troglodytes
troglodytes chimpanzees in West Central Africa during the early 1900s [20,22-25]. HIV-
1 group M is the most prevalent group worldwide and is now considered to be
responsible for the global pandemic of HIV-1 that emerged in the early 1980’s. HIV-1
group M is further subcategorized into 9 phylogenetically distinct subtypes (A, B, C, D, F,
G, H, J, K), which have varying distributions worldwide [8,21,26,27]. HIV-1 subtype C
accounts for slightly more than 50% of infections worldwide and predominantly occurs
within sub-Saharan Africa while subtype B infection occurs primarily in the Americas
and Europe [28]. The other HIV-1 groups (N, O, P) are much less prevalent and are
geographically limited to Cameroon and neighboring countries [29-31]. More in-depth
studies of SIVcpz infected chimpanzees have provided insights into the pathogenicity of
this virus. Interestingly, it was demonstrated that SIVcpz infected chimpanzees had an
increased risk of mortality in comparison to uninfected chimpanzees and displayed signs

of CD4+T cell decline [32].



HIV-2 emerged as a result of cross-species transmission from SIVsmm infected
sooty mangabeys [33] and can be subdivided into distinct lineages termed groups A-H,
although only groups A and B have spread significantly [21,34,35]. HIV-2 is much less
prevalent than HIV-1 and is largely restricted to West Africa [36]. HIV-2 is generally less
pathogenic than HIV-1. Overall, individuals infected with HIV-2 tend to have lower viral
loads, which might explain the lower transmission rate [37]. HIV-2 also causes slower
rates in CD4+T cell decline, longer periods of asymptomatic infection, and is associated
with decreased mortality rates [38].

A defining characteristic of all retroviruses is the unique mechanism by which
they replicate their genome. Retroviruses, like HIV-1, use a reverse transcriptase enzyme
in order to copy their positive sense single stranded RNA genome into double stranded
DNA, which is then integrated into the host’s chromosomal DNA. This process is highly
error-prone with an estimated 3 x 105 mutations/nucleotide/replication cycle [39]. This
allows for rapid viral evolution and adaption to selective pressures present within the
host.

The extraordinary amount of HIV-1 genetic diversity can be attributed to several
factors including the highly error-prone reverse transcription of +ssRNA into dsDNA
[39], high frequencies of recombination [40,41], the high rate of viral replication [42,43],
and large numbers of infected individuals worldwide. Intra-subtype and inter-subtype
diversity is estimated to be upwards of 8-17% and 17-35% in the env gene, respectively
[28,41,44]. Additionally, significant viral evolution occurs within a single host leading to
a HIV-1 quasispecies with estimates as high as 10% for intra-host viral diversity in the
env gene [45]. Using advanced sequencing techniques, such as single-genome
amplification and 454 deep sequencing, it has been shown that viral sequence
diversification occurs early post-infection synchronous with the establishment of a

steady state set point viral load [46,47]. During this time, an accumulation of both



synonymous and non-synonymous nucleotide changes can be attributed to viral escape
from both neutralizing antibody (Nab) and cytotoxic T lymphocyte (CTL) pressure
[12,46-52]. Thus, the inherent propensity for HIV-1 viral evolution and immune escape
makes designing a successful preventative vaccine able to block infection of all known

genetic variants extremely difficult [12,41,48].

HIV-1 transmission

HIV is most often transmitted through exposure at mucosal surfaces. Common
routes of infection include perinatal (from mother-to-child), sexual, injection drug use,
and from blood transfusions [53]. Despite the fact that the risk of HIV-1 infection from
heterosexual exposure is the lowest in comparison to other routes (between 1/200 to
1/3000) [53,54], heterosexual transmission accounts for around 70% of new HIV-1
infections worldwide. Additionally, a significant percentage of infections due to
heterosexual transmission within sub-Saharan Africa occur between serodiscordant
couples [55]. Serodiscordant couples are characterized by the fact that one individual in
the partnership is HIV+ while the other partner remains HIV seronegative. There is
increased precedence for focusing research efforts on understanding heterosexual
transmission in the context of the HIV-1 subtype C epidemic.

The Zambia Emory HIV Research Project (ZHERP), which was initiated in
Lusaka, Zambia in 1994 by Dr. Susan Allen of Emory University, is one of the largest
discordant couples cohorts worldwide. Following identification, discordant couples are
offered enrollment in a long-term follow up study. Through participation in the study,
counseling and condom provision are given to the couple at one-month intervals in
addition to monitoring of the HIV seronegative partner’s status. Despite this highly

effective public health intervention, 8% of the couples transmit and become concordant



positive each year. Samples are collected regularly from both the HIV+ and HIV- partner
before and after seroconversion. This allows for early identification of acute infection
within weeks of the transmission event as well as subsequent longitudinal follow-up [56].
Consequently, the study of discordant couples from Zambia provides a unique
opportunity to explore the contribution of viral characteristics to the biology of HIV-1
transmission as well as understanding how early events following transmission dictate
subsequent disease progression and long-term pathogenesis.

Several known factors have been identified that modulate the transmission
efficiency of HIV-1 outside of the route of transmission [57,58]. For example, the
presence of sexually transmitted diseases or genital ulcers in either partner has been
shown to increase transmission perhaps through increasing viral shedding at the genital
mucosa, inducing inflammation, or by disruption of the mucosal barrier [59]. In
addition, high viral loads in the transmitting partner [60,61] as well the acute stage of
infection was associated with increased transmission frequency [62]. Social factors such
as the seroprevalence of one’s sexual network and lower economic status are associated
with increased risk [63]. Finally, several host immunogenetic factors have been
identified that potentially modulate transmission, although more research is needed in
order to more conclusively demonstrate the direct mechanisms [64,65]. Conversely,
several factors have been identified that reduce transmission. Male circumcision has
been shown to reduce the risk of transmission by 60% and has since been implemented
as a public health prevention measure [66]. Additionally, couples’ voluntary counseling
and testing (CVCT) [55,56] and antiretroviral treatment of HIV+ partners in
serodiscordant couples significantly reduces the rate of HIV-1 transmission [67].

Despite high genetic diversity within the viral quasispecies of a chronically
infected individual, a severe genetic bottleneck occurs during heterosexual transmission

resulting in the transmission of a single/transmitted founder (T/F) variant [68,69]. This



phenomenon has been demonstrated in several independent studies and has been
recapitulated in experimental SIV infection of rhesus macaques [70]. The concept of a
genetic bottleneck raises the possibility that selection pressures during transmission play
a role in determining the virus that is transmitted. If this is the case, characterization of
the genetic and phenotypic properties that distinguish T/F viruses from other viruses
present in chronic infection could be used to inform prevention strategies aimed at
preventing transmission [71,72]. A study of transmitted vs. non-transmitted viruses
present in the blood and genital compartment of epidemiologically linked transmission
pairs from Zambia demonstrated that the T/F is often represented as a minor variant
within the chronically infected donor quasispecies [73] providing supporting evidence
that transmission involves a selective process rather than being entirely stochastic.
Several studies have described genetic and phenotypic properties of T/F viruses:
preferential CD4/CCR5 co-receptor tropism [52,69], shorter variable loops and fewer N-
linked glycosylation sites in the Envelope (Env) glycoprotein [52,68,69,74-77], increased
Env neutralization sensitivity to the transmitting partner’s antibodies, tier 2-3
neutralization sensitivity (i.e. not particularly neutralization sensitive) [68,71] and
greater replication efficiency in CD4+T cells as opposed to replication in macrophages
[52,78].

One overall limitation to the majority of the above mentioned studies were the
focus on Env properties rather than studying full-length infectious molecular clones. A
recent study using subtype B and subtype C T/F infectious molecular clones (IMC)
demonstrated that T/F IMCs as compared to chronic viruses exhibited modest increases
in infectivity, greater Env incorporation, more efficient interaction with dendritic cells,
and a higher resistance to interferon-alpha, which might be important in controlling
viral replication during the earliest stages of infection by inducing an anti-viral innate

immune response [79]. Despite studying full-length IMCs, this study as well others to



date fail to directly compare T/F viruses to matched non-transmitting viruses derived
from the chronically infected donor in a transmission pair. Therefore, it is plausible that
the inconsistencies observed within the field are due to the experimental limitations of
comparing chronic viruses vs. T/F viruses derived from different individuals, and that a
study of viruses derived from epidemiologically linked heterosexual transmission pairs
will be ideal for further elucidating the role of viral characteristics in defining the

selection bias during transmission.

HIV-1 genome and viral lifecycle

The HIV-1 replication cycle begins when viral particles adsorb to a target cell
surface via interactions between the viral glycoprotein (Env) and the cell surface
receptor, CD4. In the case of HIV-1, interaction with a co-receptor, which is most often
one of the chemokine receptors CCR5 or CXCR4, is essential for membrane fusion and
entry. Following entry, viral particles are partially uncoated in the cytoplasm and reverse
transcription of their positive sense single stranded RNA genome ensues. The double
stranded DNA product in the form of the preintegration complex (PIC) is then
subsequently transported into the nucleus. Integration of viral DNA into the host cell’s
chromosome is facilitated by the virally encoded integrase (IN). The integrated viral
DNA (provirus) serves as a template for production of mRNA via the host’s DNA-
dependent RNA polymerase. Splicing of viral mRNA occurs and the products are
transported to the cytoplasm where they are transcribed into viral proteins. The Env
protein and the Gag-Pro-Pol polyprotein are trafficked through separate pathways to the
surface of the cell where progeny virus begins the budding process with the aid of a

myriad of host cellular proteins. Immature viral particles are released from the cell



surface, and proteolytic cleavage of the immature viral particle by the viral protease
forms a mature viral particle that is fully infectious [80].

Human Immunodeficiency Virus (HIV) is a member of the Lentivirus genus and
Retroviridae family. HIV is an enveloped virus with a positive sense single stranded
RNA genome present in two copies within the virion (pseudodiploid). The HIV-1 genome
comprises genes that are important for major structural and enzymatic functions (gag,
pol, and env), regulatory proteins (tat and rev) as well as several accessory proteins
(vpu, vpr, nef, and vif) [80]. The main function of the viral Env protein is to bind the
cellular receptors/co-receptors and to facilitate membrane fusion reaction between the
viral and host membranes [81-83]. In addition, the Env protein is immunogenic and
contains epitopes that elicit antibody as well as CTL responses [84].

The Gag and Pol proteins serve critical functions in the viral lifecycle. Pol consists
of three viral enzymes: protease (PR), reverse transcriptase (RT), and integrase (IN).
These viral enzymes are contained within the domains of the Gag-Pro-Pol polyprotein,
which is generated via a ribosomal frame-shifting event near the 3’ end of the gag open
reading frame. Three major folded domains, the matrix (MA), capsid (CA) and
nucleocapid (NC) within Gag each mediate essential events during virion assembly. Each
domain is separated by flexible linker regions, which contain protease cleavage sites
[85]. MA, which is found on the N-terminus, functions by binding to the plasma
membrane and recruits the Env glycoprotein [86-89]. CA is the central most protein
domain and functions as the main structural protein that assembles to form both the
immature and mature cores of the virion [90,91]. NC binds and captures the two copies
of the viral RNA genome during assembly, and also plays a role during tRNA primer
annealing during reverse transcription [92,93]. Two spacer regions, SP1 and SP2, aid in
regulating the conformational changes necessary for the transition from the immature to

the mature virion following cleavage [94]. Finally, the carboxy-terminal p6 region has
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been shown to be important for late assembly events and binds to ESCRT-I proteins

[95,96].

The pathogenesis of HIV-1 infection

Traditional hallmarks of AIDS pathogenesis were recognized early on during the
epidemic as involving the progressive depletion of CD4+T cell populations and global
immune dysfunction. This in turn leads to immunodeficiency marked by an increased
susceptibility to a plethora of opportunistic infections and tumors uncommon in healthy
individuals. Unfortunately, a majority of HIV infected individuals succumb to these and
other AIDS related co-morbidities [97-100]. Successful ART treatment of HIV-1 infected
individuals reduces viremia to undetectable levels, restores CD4+ T cells counts to some
degree, and significantly prolongs life [42,43]. Despite this, current therapeutic
strategies cannot fully eradicate the virus, and viral rebound occurs upon treatment
interruption [101-103]. Research has also shown that even in ART treated individuals
with successfully suppressed viral loads, immune function is not always completely
restored, and there is an increased morbidity and mortality compared to healthy
individuals [104-106].

The last three decades of HIV-1 research have been in part dedicated towards
understanding the intricate interaction between the HIV-1 virus and the immune system.
Such research has made great strides through the study of the pathogenic infection of
humans as well as experimentally infected Rhesus Macaques (RMs) but also through
comparative studies with two natural SIV hosts that do not develop AIDS, sooty
mangabeys (SMs) and African green monkeys (AGMs). HIV/AIDS research has shown
us that the interplay between virus and host is multifaceted and much more complicated

than initially thought [107,108]. It is the ultimate hope that a deeper understanding of
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HIV-1 pathogenesis will translate into more effective interventions to treat, prevent,
improve quality of life, and hopefully end the HIV/AIDS epidemic.

Several important facets of pathogenic HIV-1 infection have been identified
including 1) rapid depletion of activated mucosal memory CD4+ T cells during acute
infection followed by a slower progressive depletion of CD4+ T cells in the periphery 2)
disruption of mucosal immunity and microbial translocation 3) chronic immune
activation 4) functional exhaustion of immune responses 4) failure of critical CD4+ T cell

homeostasis and regenerative capacity 5) establishment of a latent viral reservoir.

Depletion of CD4 T cells in HIV Infection:

Damage to the immune system occurs very early after transmission when HIV-1
is able to directly infect and deplete CD4+ T cells. However, the model of HIV-1
pathogenesis is much more complicated than viral replication, and direct infection and
killing of CD4+ T cells alone [97,109-111]. Natural SIV hosts do not progress to AIDS
despite high levels of viral replication [112-114]. Thus, although damage does ensue
following direct infection and apoptosis of virally infected CD4+ T cells, the cellular
targets of viral infection and the populations that are spared in pathogenic HIV and SIV
infection of RM vs. SIV infection of natural hosts sheds light on the immunopathology
beyond direct cytopathic effects of the virus [107-109,115].

One of the most important discoveries in understanding HIV-1 immunopathology
came with elucidating the cellular targets of HIV-1 viral infection. HIV-1 utilizes CD4 as a
primary receptor, however engagement with one the chemokine receptors - CCR5 or
CXCR4 - is necessary for Env mediated fusion and cellular entry [116,117]. CCR5 and
CXCR4 are expressed on different CD4+ T cell subsets with CXCR4 being highly

expressed on a vast majority of CD4+ T cells while CCR5 expression is mostly limited to
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memory CD4+ T cells [110,115,118,119]. Additionally, it was demonstrated that HIV-1
preferentially infects activated T cells that have already encountered antigen [120-122].
This includes HIV-specific T cells, as well as other pathogen specific CD4+ memory cells,
such as those specific for Mycobacterium tuberculosis [123], but to a lesser extent
cytomegalovirus-specific CD4+ T cells [124,125]. The hierarchy of preferential infection
of pathogen specific CD4+ T cells partially explains the tempo with which opportunistic
infections occur during the course of the disease [126,127]. Moreover, the infection of
HIV-specific CD4+ T cells renders the immune system ill-equipped to control HIV
replication, because the generation of any antigen specific CD4+ T cell response results
in more cellular targets for the virus [128].

The human memory T-cell pool can be heterogeneous, but is often delineated by
either the presence or absence of a combination of host of cell surface markers such as
CD45RA, CD45R0, CD11alpha, CCR7, CD27, CD28, CD57, and CD62L [129,130].
Memory CD4+ T cells can be generally classified into two distinct groups based on their
homing capabilities and effector functions: effector memory (Tem) and central memory
(Tcm). Tewm are characterized by an increased capacity to survive and proliferate after
activation and home to secondary lymphoid organs through the expression of the
chemokine receptor, CCR7 [129-132]. In contrast, Tem lack expression of CCR7 and
reside outside of lymph node organs in peripheral effector sites such as the lamina
propria of the intestinal mucosa [115,133,134]. Tewm are classified by more rapid
production of cytokines and cytolytic enzymes upon antigen stimulation, which is
important for an immediate recall response to pathogens encountered at mucosal and
peripheral sites - hence their name “effector memory” [129-132].

HIV-1 co-receptor usage reflects the dynamics of CD4+ T cell depletion in HIV-1
disease progression and pathogenesis [115,117]. In experimental infection of RMs with

CXCR4 or dual trophic SIV/HIV hybrid virus (SHIV), global CD4+ T cell depletion
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occurs, and AIDS quickly ensues, highlighting the fact that massive destruction of CD4+
T cells can result in end-stage disease [110]. However, almost all recently transmitted
viruses are dependent on CCR5, while Env utilization of CXCR4 typically evolves very
late during HIV-1 subtype B chronic infection, but very rarely evolves during subtype C
infection [71,116,135,136]. During the earliest stages of viral infection, the virus
encounters large pools of target cells, mainly CD4+ Tgm. CD4+T cells are rapidly
depleted at mucosal tissues mostly in the gastrointestinal tract where the majority of the
initial cellular targets reside [137,138]. This drastic depletion does not result in overt
immunodeficiency immediately, but rather results in a more gradual loss of CD4+ T cells
in the periphery that occurs throughout the course of infection [108,115,139,140].
Importantly, it has also been shown that not all CD4+ T cell depletion occurs due to
direct infection and apoptosis of virally infected cells, but can also occur through other
indirect mechanisms [141-143].

Targeting of activated Tgwm cells through preferential use of CCR5 during early
viral replication at mucosal sites is of a great advantage to the virus, because although a
large number of target cells are depleted early on during infection, additional Tem target
cells can be partially regenerated through the proliferation and differentiation of Tcwm.
This regenerative process does not fully restore immunity and is not stable over time
likely owing to many factors such as the direct infection and loss of Tcum cells, immune
activation, exhaustion, increased proliferation/cellular turn-over, and destruction of
critical lymph node architecture [139,140,144,145].

As for the direct infection of Tcw, this subset of memory cells were found to be the
largest contributor to the viral reservoir, and levels of infected Tcwm in vivo correlate with
disease progression. HIV-1 and pathogenic SIV infection of RMs results in highly
proliferating Tcm that have a high turn over rate thereby constantly maintaining the pool

of Tewm target cells. This high level of proliferation, activation, and cellular turn over in
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combination with apoptosis due to direct and indirect mechanisms results in a
progressive failure of Tcu cell homeostasis and regenerative potential, eventually leading
to the slow decline of CD4+ T cells [139,140,144,146-149].

In contrast, during acute infection of natural SIV hosts, there is an initial
depletion of mucosal CD4+ T cells similar to pathogenic infection, but the numbers of
mucosal CD4+ T cells soon stabilize or even recover, and importantly they maintain
healthy levels of peripheral CD4+ T cells throughout the course of infection
[107,112,114]. Natural SIV hosts have circumvented the progressive depletion of
peripheral CD4+T cells through several complex mechanisms [107]. One such
mechanism is the preferential sparing of the Tcy CD4+T cell subset, which is critical for
homeostasis, by exclusively infecting Tewm cells, which are more dispensable. Ex vivo
experiments in which sorted memory populations from both SMs and RMs were
experimentally infected with SIV demonstrated an intrinsic resistance to infection in SM
Tcwm cells, which was shown to be linked to CCR5 expression. CD4+ Tem from SMs
express lower levels of CCR5 than Tgm from SMs or even Tey from RM. This dampened
expression of CCR5 was perhaps even more striking after in vitro activation of cells
[150,151]. Thus, it appears from both human as well as non-human primate studies, that
cellular tropism, co-receptor usage, and preferential infection of certain CD4+ T cell

subsets plays an integral role in the immunopathology of HIV/SIV.

Immune Activation in HIV Infection:

Chronic immune activation is a hallmark of progressive HIV infection and is a
strong predictor of CD4+ T cell decline independent of viral load [152-155]. Chronic
immune activation cannot be solely attributed to continuous viral replication, but is a

complex phenomenon that plays a major role in many of the aspects of HIV
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immunopathology [155]. In ART treated individuals with suppressed viral loads,
immune activation persists and predicts morbidity and mortality. Additionally, reduced
immune activation in ART treated individuals predicts CD4+ T cell gains better than
suppression of viral load [156,157]. Additional evidence for the pathogenic role of
immune activation comes from comparative studies of pathogenic SIV infection of RMs
vs. nonpathogenic natural SIV hosts such as AGMs and SMs [107]. Despite high viremia,
SIV infection of SMs and AGMs is associated with low levels of chronic immune
activation [158,159].

One of the first immunological abnormalities described in HIV infection in 1983
was poly-clonal B-cell activation [160]. Immune activation in HIV infection is
characterized by a myriad of other immunological abnormalities including high T cell
turnover of both CD4+ and CD8+ T cells that express activation markers [161,162], as
well as high levels of circulating pro-inflammatory cytokines and chemokines [163,164].
Innate cells such as dendritic cells (DCs), macrophages (MO), and natural killer (NK)
cells also show signs of immune activation and dysfunction. Mucosal DC subsets are lost
with an overabundance of pDCs predominating in chronic HIV-1 infection [165-167].
MOs become dysfunctional and display a reduced capability for phagocytizing bacteria
[168] and decreased NK cell cytotoxicity has also been observed [169].

T-cell activation is traditionally characterized by the cell surface expression of
HLA-DR and CD38, which was first recognized as important in HIV pathogenesis in the
late 1980s [170]. HLA-DR is constitutively expressed on antigen presenting cells (APCs)
and is integral for the presentation of antigen to CD4+ T cells. Although not highly
expressed on all T-cells, it is unregulated on certain subsets of activated cells during an
immune response [130,171]. In contrast, CD38 is constitutively expressed on naive T-
cells, down regulated on resting memory T-cells, but is upregulated during the earliest

stages of activation. CD38 is a transmembrane glycoprotein and its expression has been
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associated with increased cell-cell adhesion and increased cytokine production [172]. It
is therefore most common to analyze these markers in combination; however, the
distribution of CD38 on T-cell subsets in HIV infection by itself has also proved
informative [173,174]. Additionally, markers of proliferation can also be measured as
surrogates for activation. Assessment of the intracellular protein Ki-67 provides a
measure of cellular proliferation and essentially reflects the rate of T-cell destruction and
replacement (turnover). Ki-67 traditionally correlates with activation markers such as
CD38 and HLA-DR, but provides additional information on proliferation and cellular
turnover, which cannot be elucidated through activation markers alone [130,175].

Although HIV immune activation has been implicated in HIV pathogenesis since
the beginning of the epidemic [160,170], the causes of it have not been fully elucidated. A
seminal study by Deeks et al. showed that immune activation was apparent even during
acute infection. More importantly, a steady-state level of activation termed the “immune
activation set-point” was reached during early HIV infection, varied among different
individuals, and was predictive of longer-term CD4+ T cell decline independent of viral
load [152]. This particular study demonstrated that early events during the virus-host
interaction play a role in defining the trajectory of immune activation, immunopathology
and ultimately disease progression.

The causes and consequences of chronic immune activation in HIV-1 infection
are not completely understood however significant advances have elucidated several key
features. Some of the potential mechanisms of chronic immune activation that have been
proposed include: 1) direct effects of viral gene products and viral replication 2) innate
and adaptive immune response to the virus 3) dysfunction of the regulation system that
dampens immune responses 4) bystander activation and the production of pro-
inflammatory cytokines and 5) microbial translocation [176]. Chronic immune activation

is thought to disrupt CD4+ T cell homeostasis, causes overall immune dysfunction [176],
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and more recently has been associated with non-AIDS related comorbidities such as
HIV-associated neurocognitive disorder, adverse cardiovascular events, liver damage,
and pre-mature aging [177-179].

One possible factor that can contribute to immune activation is direct viral
replication and the innate recognition of viral products [164,166]. HIV might induce
immune activation through GP160/120 binding to CD4 and/or CCR5 on pDCs causing
downstream signaling, IFN production, and induction of apoptosis in CD4+ T cells
[180]. In addition, the accessory protein Nef, has been implicated in influencing levels of
activation. A wide variety of Nef functions have been identified including down-
modulation of CD4 and HLA-I molecules, disruption of CD3+ TCR signaling, induction
of apoptosis, as well as transcriptional factor translocation and increased expression of
IL-2[181,182].

Additionally, innate recognition of HIV-associated pathogen associated
molecular patterns (PAMPs) has been implicated in the production of pro-inflammatory
cytokines and subsequent activation of adaptive immunity [183]. Various pattern
recognition sensors for HIV have been identified: Toll-like receptors (TLR7/8, and
TLR9) that can recognize viral RNA and DNA CpG motifs within endosomes [184,185];
RIG-I homologues act as cytosolic sensors of viral RNA species [186]; and more recently,
cytosolic DNA sensors that induce IFN in a TLR-independent manner have been
identified [187]. Moreover, host restriction factors such as TRIM5 alpha, which
recognizes three-dimensional capsid lattice structures, appear to function like PAMPS
and can induce innate signaling pathways [188-191].

Another potential mechanism involved in immune activation is bystander
activation and cell death of B and T-lymphocytes caused by the increased production of
pro-inflammatory cytokines, and potentially by the up-regulation of apoptosis related

molecules [192,193]. Interestingly, a recent study by Doitsh et al. [194] demonstrated
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that the majority of CD4+ T cells lost in HIV-1 infection undergo caspase-1 mediated
pyroptosis triggered by abortive viral infection. Pyroptosis is a form of programmed cell
death in which high levels of inflammatory cytokines such as IL-1p are released [195].
Still yet another factor potentially involved in HIV-associated immune activation is the
role of regulatory T-cells (Tregs), which can dampen chronic immune activation, but on
the other hand could also inhibit necessary immune responses that target viral
replication. Owing to these factors, the role of Tregs in inducing immune activation
remains controversial in the field [196].

One common theme that seems to be tightly associated with the level of chronic
immune activation is microbial translocation. Microbial translocation during HIV
infection was first described by Brenchely et al. in 2006 when they demonstrated that
microbial products such as bacterial lipopolysaccharide (LPS) are elevated in circulating
plasma in HIV-1 infected individuals as well as in the pathogenic SIV infection of RMs as
compared to uninfected healthy controls. Levels of LPS also correlated with the extent of
activation on both adaptive and innate immune cells [197]. Microbial translocation is not
limited to pathogenic HIV/SIV infection, but has also been described in inflammatory
bowel disease, hepatitis C infection, and cardiovascular disease [198]. Microbial
translocation is described as passage of the naturally occurring gastrointestinal
microflora through the intestinal epithelial barrier and lamina propria. Translocated gut
microflora then travel to local mesenteric lymph nodes and eventually circulate
throughout the body and can be found systemically Normally, translocated microbial
products are phagocytosed within the lamina propria, and never make it to circulation;
however, when host mucosal immunity is compromised, this host defense fails, and
allows egress of the microbial products [199]. Translocated bacteria as well as other viral
and parasite components stimulate immune cells through TLR-recognition pathways on

antigen presenting cells and contribute to increased circulating pro-inflammatory
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cytokines such as IL-6, IL-1, TNF-alpha, D-dimer, and C-reactive protein [200-202]. D-
dimer is involved in the coagulation cascade, while C-reactive protein is an acute phase
liver enzyme. Levels of D-dimer and CRP have been implicated in the link between HIV
infection and risk of adverse cardiovascular incidents [203]. In addition to measuring
plasma LPS, levels of soluble CD14, which is the cell surface receptor for LPS on
monocytes/macrophages and is indicative of monocyte activation, can also be utilized to
indirectly measure the extent of microbial translocation [202,204]. More recently,
plasma levels of intestinal fatty acid binding protein (iFABP), which is a marker of
enterocyte damage, has been utilized [205]. In support of this role of microbial
translocation in HIV pathogenesis, the levels of many of the above mentioned markers of
microbial translocation have been associated with disease progression both in treated as
well as untreated HIV infection [201].

Perhaps even more intriguing, a key feature that distinguishes pathogenic SIV
infection of RM and HIV infection of humans with nonpathogenic SIV infection of SM
and AGMs is the lack of microbial translocation with low levels of immune activation
observed in the latter [107,114,197,206,207]. Moreover, increased immune activation
and viral replication can be observed following experimental administration of LPS to
natural hosts of SIV [208]. While it is generally accepted that translocation of bioreactive
microbial products from the lumen of the gut into systemic circulation induces immune
activation, it remains unclear if immune activation is the initial driver in causing the
mucosal immune dysfunction that leads to microbial translocation. It is plausible that
microbial translocation is just a secondary component in a feed-forward loop that
amplifies immune activation [176,201].

Although the exact causes of microbial translocation in HIV infection are still
being fully investigated, microbial translocation seems to be driven by destruction and

impairment of mucosal immunity that leads to a breach in the mucosal barrier during



20

early infection [197,198]. The early depletion of mucosal and gut CD4+CCR5+ T cells is
thought to be an important driver of microbial translocation; however, mucosal
depletion of CD4+ T cells without microbial translocation occurs in natural SIV infection
of SMs and AGMs [112,114], thus it is not simply depletion of gastrointestinal CD4+ T
cells that influences gut integrity. CD4+ memory T cell populations are not all
functionally equivalent, and several distinct subsets have been identified and can be
categorized based on their function and cytokine profile. Some of the main subsets
identified to date include Th1, Th2, Th17, and T-follicular helper subsets [196].

Dysregulation of Th17 cells, in particular, has been found to contribute to
microbial translocation [206,209,210]. This subset is important for the maintenance of
mucosal immunity, structural integrity, and is crucial for defense against extracellular
pathogens and bacteria in the gastrointestinal tract. Th17 cells are delineated from other
subsets by their secretion of the cytokines IL-17 and IL-22. These cytokines promote
neutrophil recruitment, induce production of antibacterial defensins, and stimulate
tissue repair by inducing the survival and proliferation of epithelial cells [211]. Th17 cells
are preferentially depleted during pathogenic HIV and SIV infection of RMs resulting in
a skewing away from Th17 to Th1 type memory subsets at gastrointestinal sites [209].
The extent of depletion of this subset correlates with levels of systemic immune
activation and predicts the rate of disease progression [207]. Although the natural SIV
hosts SMs and AGMs exhibit a depletion of mucosal memory CD4+ T cells early in
infection, they maintain normal levels of Th17 cells, retaining gut integrity and therefore
lack signs of microbial translocation [206]. It is thought that this unique characteristic of
non-pathogenic SIV infection can explain the apparent lack of chronic immune
activation in these hosts [107].

Recent evidence suggests that the loss of IL-21 producing CD4+ T cells is in turn

correlated with the preferential depletion of Th17 CD4+ T cells [212]. IL-21 has several
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important immune functions. IL-21 1) stimulates the maintenance of long term CD8+ T
cells with cytotoxic functionality [213] 2) favors differentiation to and expansion of Th17y
cells [214] 3) helps in the differentiation of B-cells towards memory and antibody-
secreting plasma cells [215] and 4) regulates NK cell expansion and functionality [216].
Levels of IL-21 are decreased in pathogenic HIV/SIV infection but not in natural SIV
infection of SMs or AGMs [212]. Experimental administration of IL-21 to SIV infected
RMs results in reconstitution of Th17 cells without a negative impact on viral load and is
associated with decreased immune activation and microbial translocation [217]. This
highlights the important role of IL-21 producing CD4+ T cells in influencing Th17 cells
and microbial translocation/immune activation, but it also demonstrates the precedence
for pursuing therapeutics designed to restore IL-21 and Th17 mediated immunity in HIV

infection.

Immune Exhaustion in HIV Pathogenesis:

During acute viral infections, viral replication is accompanied by the induction of
antigen specific CD8+ T cells that function to control and eliminate viremia. These
antigen-specific cells subsequently develop into differentiated memory cells. Chronic
viral infection ensues when virally infected cells persist in the host over long periods of
time either due to the inability of the host’s immune response to clear the infection, to
the presence of latently infected cells, or to a combination of both of these factors
[218,219]. Under conditions of persistent antigen exposure, progressive loss of
important CD8+ T cell functions, such as the ability to proliferate, secrete cytokines, and
loss of cytotoxic activity, occurs leading to the exhaustion and anergy of these cells
[219,220]. The functional exhaustion of virus specific T-cells has been extensively

characterized in the murine mouse model of chronic lymphocytic choriomeningitis virus
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(LCMYV) infection [221], but has also more recently been described for a number of other
chronic human infections such as hepatitis C virus [222], hepatitis B virus [223], and
HIV [223-226] .

Despite the induction of a CD8+ T cell response during HIV infection, the
majority of individuals are ultimately unable to control viral replication and progress to
AIDS [227]. Numerous studies have described functional impairments of the CD8+ T cell
response in HIV infection [220]. HIV infection is associated with a defect in the
maturational status of CD8+ T cells as evidenced by a skewing of CD8+ T cells towards a
more effector phenotype rather than effector memory [228]. Secondly, significant
differences in the ability of CD8+ T cells to secrete cytokines and differences in
cytotoxicity were observed when comparing CD8+ T cells from elite controllers and non-
progressors to individuals that progress [229-231]. Furthermore, polyfunctional CD8+ T
cells, meaning those that mediate a combination of functions (CD107a, IL-2, TNF-alpha,
interferon, or MIP-1b), have been associated with more successful control of viremia and
improved disease outcome [232]. The suppression of immune functions has been
attributed to the upregulation of inhibitory molecules in the setting of chronic antigen
stimulation [219]. Studies in murine infection of LCMYV first described the role of the PD-
1 (programmed death -1) /PDL1 pathway in dampening the functionality of virus specific
CD8+ T cells during chronic infection [221]. PD-1 fits into the complex and finely tuned
immune system by serving to regulate and turn off the immune response. PD-1is a
member of the B7:CD28 family members of co-stimulatory molecules that inhibit T-cell
activation. PD-1 is upregulated after T-cell activation and functions to decrease TCR
signaling, thus serves as an inhibitory feedback mechanism to prevent excessive T-cell
activation [233,234]. An extensive number of studies have shown that the PD-1/PDL1
pathway leads to the cellular immune dysfunction and exhaustion of HIV-specific CD8+

T cells in pathogenic HIV/SIV infection [224,226,235,236]. Additionally, it has been
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shown that blockade of PD-1 in RMs leads to the restoration of CD8+ T cell immune
function and decreases viral load [237]. PD-1 has also been implicated in cell death.
Studies have shown that PD-1 expression on virus-specific CTLs makes them more
susceptible to apoptosis. Interestingly, this study also found that HIV-1 specific cells that
expressed CD57 in the absence of PD-1 were more resistant to apoptosis and displayed
higher cytotoxicity [238]. Traditionally CD57 has been utilized as a marker to indicate
replicative senescence and terminal differentiation [130], however, accumulating
evidence suggests that CD57 expression in HIV infection is not necessarily associated
with replicative senescence as it is in aging and CMV infection [239,240]. Elucidating the
underlying mechanisms of T-cell dysfunction in HIV infection and disease has important
applications for future vaccine design as well as in therapeutic interventions to eradicate

the latent viral reservoir.

The proviral burden in HIV infection

Retroviruses including HIV-1 are characterized by their ability to first reverse-
transcribe their +ssRNA genome into DNA that is subsequently integrated into the host
cell DNA. The integrated viral DNA genome (provirus) serves both as a template for viral
RNA synthesis, but also is maintained and inherited as part of the host cell DNA [80].
HIV establishes a state of latency within particular cell subsets through integration of
viral DNA into the host chromatin and the subsequent silencing of active viral
transcription. This effectively hides the viral genome in specific cellular reservoirs that
are unable to be recognized and cleared by host immune responses [241-243]. The HIV
reservoir is established early during primary infection, an occurrence that poses unique
obstacles for treating and curing HIV infected individuals [244]. Despite the high

potency of ART to suppress viral replication, ART does not fully eradicate viral reservoirs
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[103]. Although initiation of treatment early can reduce the size of the viral reservoir, a
stable population of latently infected CD4+ T cells persists and is unaffected by ART
treatment [245]. In addition, several practical considerations should be given to the
strategy of treating the HIV-1 epidemic with ART alone. First, strict adherence to ART
for the lifetime of the infected individual is absolutely necessary for the successful
suppression of viral load. Additionally, despite virus control, ART regimens can
themselves be associated with unwanted adverse effects. Therefore, the question of
whether we will be able to eradicate HIV with ART becomes multifaceted and gives
precedent towards developing novel therapeutics that target the latent viral reservoir and
residual immune activation.

Most HIV proviral DNA can be found in CD4+ T cells that reside in lymphoid
tissue. Within blood, HIV DNA is mostly found within central memory and transitional
memory CD4+T cells, which likely maintain the viral reservoir, under fully suppressive
ART treatment, due to their intrinsic ability to persist through homeostatic proliferation
[147]. More recently, a subset of memory T cells with stem-cell like properties (TSCM)
have been identified as potentially contributing to a long-lived viral reservoir [246]. In
non-pathogenic SIV infection of SMs and AGMs, CD4+ Tcm [150] as well as TSCM [246]
subsets are preferentially spared, presumably because of their reduced levels of CCR5. In
pathogenic HIV infection, a higher viral burden in these compartments is observed,
which in turn leads to a disruption in critical T-cell homeostasis. A bountiful supply of
viral targets, namely CD4+ Tgu cells, cannot be regenerated from CD4+ Tcm precursors,

which leads to the overt decline in total CD4+ T cells over time.
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The cellular immune response to HIV-1 and CTL escape

Cytotoxic T lymphocytes (CTLs) are important for the control of many different
types of viral infections. Once a virus infects a cell, a fraction of its cytosolic viral proteins
are proteolytically cleaved, translocated into the ER, displayed on major
histocompatibility complex class I (MHC-I) molecules, and then trafficked to the cell
surface. The T-cell receptor (TCR) on a CD8+ T cell that is able to bind its cognate viral
antigen (displayed on MHC-I) with high affinity will signal the release of cytolytic
molecules that can lyse the infected target cell [218]. The MHC-I locus within humans is
one the most polymorphic loci, possibly as a result of co-evolution with pathogenic
organisms. The majority of the polymorphisms within a class I molecule result in
differential binding to epitopes. Antigen presentation (to T cells) is therefore said to be
restricted by MHC-I molecules, which are also referred to as HLA-I (human leukocyte
antigen) alleles [247].

The role of cytotoxic T lymphocytes (CTLs) in suppressing HIV replication has
been well documented. Reduction of high levels of viremia during the acute phase of
infection is temporally associated with the development of HIV-specific CTLs [248,249].
However, the importance of CTLs in the control of HIV-1 replication is most directly
supported through studies of SIV infected rhesus macaques that have been depleted of
CD8+ T cells. CD8+ T cell depletion in these animals resulted in the loss of control of
acute viremia and the animals progressed to AIDS-like symptoms [250]. It is now
recognized that the control of acute viremia down to what is termed “set point viral load”
is in part due to variation in HLA-I alleles. Several HLA-I alleles have been statistically
associated with lower viral loads and/or delayed disease progression in humans
including HLA-B*5701/03, B¥*5801, B¥27, B*51, B*81, and A*74 among others [251-258].

Individuals with a broad Gag-biased CTL response have better clinical outcomes
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[259,260]. Polyfunctional CD8+ T cells have also been associated with more favorable
disease outcomes [113,232,261].

More recently, virus specific CD4+ T cells have been shown to be important for
the suppression of HIV replication [262,263]. Soghoian et al. demonstrated that the
expansion of HIV-specific CD4+ T cells that expressed the cytolytic molecule, granzyme
A, during acute infection contributed to the control of viremia. Moreover, the HLA-class
IT allele, HLA-DRB1, was found to be associated with protective CD4+ T cell responses
and reduced viral loads [264]. Interestingly, similar to what has been demonstrated for
CD8+ T cell responses, Gag-specific CD4+T cell responses are more protective than Env-
specific responses [265,266]

It has become increasingly apparent that infection with HIV cannot be
completely eliminated with ART treatment or by naturally occurring immune responses
alone, making the identification of an efficacious HIV-1 vaccine a high priority. A
protective vaccine will likely need to include a combination of both humoral and cellular-
mediated immune responses. Vaccine elicited humoral immune responses such as the
development of broadly neutralizing antibodies could induce sterilizing immunity in
which infection is completely blocked. Such strategies are, however, challenging due to
the high levels of viral heterogeneity especially within the Env glycoprotein. On the other
hand, vaccine elicited cellular immune responses, although unlikely to induce sterilizing
immunity, could potentially be efficacious if they suppress early viral replication within
the first few days after mucosal exposure, but prior to dissemination [267]. In support of
this hypothesis, cellular based SIV vaccines that utilize rhesus CMV as a vector are able
to elicit persistent and high frequency SIV-specific effector-memory CD8+ T cell
responses at sites of SIV replication. These responses were associated with substantial

control of viremia to undetectable levels in around half of the vaccinated animals. This
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supports the notion that induction of a protective cellular immune able to control viral
replication might be feasible [268].

Despite the initial reduction of acute viremia to set point by CTLs and the
association of certain protective HLA-I alleles with long-term non-progression, the
majority of infected individuals eventually progress to AIDS due to immune failure
[227]. As HIV infection ensues, persistent levels of antigen leads to immune exhaustion
and HIV-specific CD8+T cells become ineffective [224,226,235,236]. Adding to this
complexity, HIV-1 adapts to immune pressure during the course of an infection in order
to increase its fitness in vivo. Mutation of critical amino acid residues either directly
within or adjacent to CTL epitopes can decrease antigen presentation on the cell surface,
decrease recognition by the cognate TCR, or interfere with optimal antigen processing.
The selection pressure that CTLs place on the virus is substancial; mutations in critical
residues within the viral genome predominate in the face of associated replicative fitness
costs, because the overall benefit to the virus is greater than remaining vulnerable to CTL
recognition [269-273].

Clear examples of CTL escape in HIV-1 infection were first described in 1997
[269,273,274]. Subsequent studies in the SIV macaque model confirmed CTL escape and
further demonstrated that escape can occur frequently [275]. The appearance of CTL
escape mutations in vivo is commonly associated with loss of viral control and
subsequent disease progression [274]. More recently, the evolution of CTL escape
mutations has been demonstrated in the humanized BLT-mouse model of HIV infection
indicating that these mice generate robust CD8+ T cell responses [276]. This opens up
the utility of this animal model for vaccine studies. While CTL escape during chronic
infection has been historically well documented, recent reports demonstrate that CTL
escape can occur as early as one to two weeks post-infection. CTL escape is thought to

dictate the timing and kinetics of the establishment of set point viral load during acute
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infection [277]. The potency of the CTL pressure exerted on the virus can be directly
related to the appearance of CTL-associated escape mutations. For instance, certain
CTLs are unable to induce escape mutations, potentially because they exert minimal
selective pressure; however, this is confounded by epitopes that fail to escape due to
fitness constraints [278]. Investigating the kinetics and timing of CTL escape during
natural infection will be integral for identifying CTL epitopes that would afford the best
protection and would not escape with ease within the context of an HIV vaccine.

Just as antigen presentation is restricted by a host’s HLA-I alleles, so is epitope
escape. Therefore, patterns of CTL escape can be predicted based on a host’s HLA-I allele
[48]. Indeed, Moore et al. [279] first described the appearance of HLA footprints at the
population level, suggesting that CTLs shape HIV-1 evolution, and can be utilized to
identify novel CTL escape mutations. In order to correct for viral phylogeny, linkage
disequilibrium, and covarying amino acids, a novel computational method initially
utilized by Bhattacharya et al. [280] and further modified by Matthews [281] and
Carlson [282] have identified HLA-I associated polymorphisms within both subtype B
and C cohorts. The influence of HLA-I alleles on viral evolution at the population level
was demonstrated in a global analysis of viral sequences from nine different cohorts. The
prevalence of an HLA-I allele within the population was consistently correlated to the
frequency of a viral polymorphism within a linked CTL epitope, even in individuals
lacking that allele; this indicates that certain CTL escape mutations can become fixed
and persist in a population if the restricting HLA-I allele is sufficiently prevalent within

the population and the polymorphism does not rapidly revert [283].
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Viral Replication Capacity of HIV-1

HIV-1is able to escape from CTL mediated immune pressure; however, this may
come at a cost to the virus if escape falls within a functionally constrained region of the
genome, such as Gag [269,271-273,278,284]. Evidence suggests that part of the benefit
observed from protective HLA-B*57, B¥5801, and B*27 alleles is due to the CTL targeting
of conserved regions in Gag [281,285-292]. Additionally, the number of CTL responses
directed against fitness-constrained epitopes have been correlated to a lower viral load,
highlighting the importance of fitness associated CTL escape mutations in defining
disease progression [259,260]. A series of HLA-associated polymorphisms, mainly
within p24 Gag and that are selected by protective alleles, have been extensively studied
and found to reduce in vitro replication [281,285,286,288-291,293-297]. Studies have
shown that some HLA-I associated polymorphisms will revert back to the consensus
residue in the absence of the restricting HLA allele [272,281,298-300]. This also suggests
that these mutations confer a fitness cost, and thus revert in order to maximize
replicative fitness within the context of an HLA-disparate host. In support of this, HLA-
B*57 and B*5801 associated polymorphisms within p24 revert in vivo and are
statistically associated with a lower set-point plasma viral load in individuals that lack
the restrictive HLA-I allele [290].

Certain CTL escape mutations that are associated with a fitness cost are able to
persist in a population, and do not revert or revert slowly upon transmission to an HLA-
mismatched individual. The mechanism of such persistence may be attributed to several
complex factors including the evolution of compensatory mutations that restore fitness
or the high frequency of the selecting HLA-I allele within the population [283,287,292].
In some instances, secondary mutations may play a role in compensating for a decrease

in viral fitness by stabilizing protein structure, restoring critical protein-protein
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interactions, or through facilitating further escape [286,291,292,294,297,301]. The
mechanism of compensation might be direct, as is the case for two residues involved in a
salt-bridge formation, or the compensation might act more indirectly through changing
the global conformation of the protein [302].

To date, compensatory mutations have been described in detail for escape from
the B*57/5%801 restricted TW10 epitope, as well as for the B*27 restricted KK10 epitope.
These compensatory mutations have been statistically correlated to a higher viral load
highlighting the clinical importance for understanding the pathways available for
compensation within the context of a structurally constrained protein such as Gag
[291,292,294,298,301]. Clearly, in response to CTL pressure, compensation occurs to
restore fitness, however, the larger role that compensation plays in defining the
evolution of viral fitness within a population has not been fully explored.

Despite significant progress in defining the in vitro fitness effects of individual
CTL escape mutations and their associated compensatory mutations, naturally occurring
HIV-1 strains contain unique and complex mutational patterns. These complex
mutational patterns might represent multiple overlapping footprints of HLA-associated
polymorphisms resulting from the HLA-mediated immune pressure of different
immunogenetic backgrounds in the history of the virus. Alternatively, other selection
pressures may drive viral sequence diversity within Gag or other viral proteins, and it is
plausible to envision that such mutations also having functional consequences. Recent
studies have demonstrated sequence polymorphisms that circumvent recognition by NK
cells. KIR-associated amino acid polymorphisms were described for various HIV-1
proteins including Gag [303]. For example, sequence variation within HLA-C*03:34-
presented HIV-1 epitopes in Gag was found to alter binding of KIR2DL2 binding to this
HLA-allele [304]. Restriction factors such as TRIM (tripartite motif) 5 alpha [191,305-

307] and Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like (APOBEC3)
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might also contribute towards the accumulation of sequence diversity [308]. Moving
forward, it is of great importance to understand how different combinations of mutations
within Gag as well as other proteins work in concert to define the global in vitro fitness
of viruses, and how this fitness in turn defines HIV-1 pathogenesis and disease
progression.

One of the first indications that HIV-1 replicative capacity might impact clinical
outcome came from the observation that the replicative capacity of gag-pol chimeric
NL4-3 viruses derived from elite controllers was significantly lower in comparison with
the viruses isolated from chronic progressors [289,309]. Subsequently, Brockman et al.
demonstrated a link between the replicative capacity of gag-pro sequences isolated
during chronic stage infection and viral load in both subtype C and B infections [310-
313]. Although these studies demonstrated a clear relationship between replicative
capacity and viral load during chronic infection, the experimental approach utilized in
these studies was not adequate for studying viruses isolated during acute infection. The
authors postulated that attenuation of viral replicative capacity through HLA-mediated
immune escape drives the observed association with viral load. Alternatively, it is
plausible to envision that polymorphisms within the virus that get transmitted to a newly
infected individual could affect replicative capacity in vitro, and by extension, viral load
and disease progression. It is therefore important to understand how early viral
replication of the transmitted virus interplays with critical viral-host interactions to
define HIV-1 pathogenesis and disease progression.

Through the study of HIV-1 subtype C infected heterosexual transmission pairs
from Zambia, we are uniquely poised to investigate the how transmitted viral
characteristics work in concert with host factors to define HIV-1 pathogenesis. While it
has long been known that host factors such as gender and protective HLA-I alleles

influence set point viral load, current estimates predict that together they only account
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for ~ 22% of the variability [314]. Influential studies in heterosexual transmission pairs
alluded to the possible role for viral characteristics in HIV-1 disease. In a series of
studies, it was found that viral loads were correlated between chronically infected donors
and their acutely infected linked recipients [315-319]. These findings suggest that viral
loads are heritable outside of the influence of host factors, and perhaps this heritability
can be attributed to a viral characteristic that is transmitted from donor to recipient. Yue
et al. demonstrated that the correlation between donor and recipient viral load becomes
stronger when host factors are taken into account in multivariable models, further
highlighting the integral role that host factors and viral characteristics likely play in
defining HIV-1 pathogenesis [319]. A key analysis by Goepfert et al. demonstrated that
an accumulation of HLA-I associated polymorphisms within the transmitted Gag
sequences derived from 88 acutely infected Zambians was associated with a lower point
VL. This correlation was only observed for HLA-I associated polymorphisms within Gag,
but not in the viral accessory protein, Nef [320]. The HIV-1 Gag polyprotein is composed
of three major folded peptides, the capsid (CA), matrix (MA), and nucleocapsid (NC).
These proteins serve to assemble the virus into distinct immature and, upon proteolytic
cleavage, mature conical capsids. Multiple weak interactions between Gag molecules are
necessary for the assembly of the immature and mature structures as well as for the
associated conformational changes [85]. It is, therefore, plausible to envision HLA-I
associated polymorphisms that, when present individually, may not adversely affect
replicative capacity as measured by current in vitro assays, but in combination, could
reduce viral fitness and limit the pathways that the virus has for reverting and
compensating for this loss in fitness.

Taken together, this suggests that viral replicative capacity, specifically defined
by Gag, might play a previously unrecognized role in defining the trajectory HIV-1

disease pathogenesis and might ultimately explain the variation observed in disease
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severity between different individuals. Specifically, we hypothesize that the viral

replication capacity of the transmitted Gag sequence will influence viral load as well as
CD4+ T cell decline. It is also plausible to hypothesize that early viral replication might
set in motion pathological events that cause irreversible damage to the immune system

before the induction of an effective adaptive immune response.

Summary

In chapter 2, we investigated the role that replicative capacity of the transmitted
Gag sequence plays in defining early HIV-1 infection. In order to accomplish this, we
designed a novel cloning strategy that utilized restriction enzymes in order to clone the
gag gene from acute timepoints from 150 recently infected linked recipients from
Zambia into MJ4, a clade C proviral backbone derived from a primary isolate. In vitro
replicative capacity was then assessed on a CEM-based T cell line that expresses CCR5,
and viral particle production quantified via a radiolabeled reverse transcriptase assay.
We demonstrate that viral replicative capacity (vRC) correlates with both donor viral
load and set point viral load in newly infected individuals. These data highlights the role
that transmitted viral characteristics play in influencing viral load during chronic
infection, and then upon transmission, the set point viral load in acute infection.
Moreover, we were able to elucidate HLA-associated polymorphisms that are statistically
associated with changes in vRC, information that can be helpful for informed vaccine
design. Finally, we go on to show that vRC predicts CD4+ T cell decline for a subset of
individuals for whom longitudinal CD4+ T counts were available for three years post

infection.
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In chapter 3, we more fully explore the relationship between vRC of the
transmitted Gag and CD4+ T cell decline. Expanding the dataset to include a total of 127
individuals with vRC and longitudinal CD4+ T cell counts out to five years allowed us to
more definitively demonstrate the impact of vRC on disease progression. We
demonstrate that vRC correlates with CD4+ T decline, even down to an endpoint of 200,
which is the clinical definition of AIDS. Furthermore, we demonstrate that the impact of
VRC on CD4+ T decline is independent of both set point viral load as well as host factors
known to modulate set point viral load such as the protective alleles, HLA-B*57/B*5801.
We further elucidated a mechanism by which vRC might be impacting CD4+ T decline
early during infection before host factors enact to control acute viremia down to set
point. We find that vRC was associated with levels of pro-inflammatory cytokines,
cellular immune activation and exhaustion. Furthermore, we demonstrate that vRC is
associated with increased cellular proliferation, and with the level of viral burden in

critical CD4+ T cell compartments.
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Chapter 2

Role of transmitted Gag CTL polymorphisms in defining
replicative capacity and early HIV-1 pathogenesis

Published in PLoS pathogens. 2012;8(11)

Jessica L. Prince and Daniel Claiborne performed all RC experiments and data
analysis for figures 1, 2, 4, 5, 6, 7, S1 and S2

Tianwei Yu performed the Cox-proportional hazard models (Table 2)
Jonathan Carlson and David Heckerman performed the statistical analysis in
order to elucidate HLA-associated polymorphisms and residues associated with

changes in fitness: Supplemental Table 1 and Figure 3

Jessica L. Prince, Daniel Claiborne and Eric Hunter wrote the manuscript
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ABSTRACT

Initial studies of 88 transmission pairs in the Zambia Emory HIV Research Project
cohort demonstrated that the number of transmitted HLA-B associated polymorphisms
in Gag, but not Nef, was negatively correlated to set point viral load (VL) in the newly
infected partners. These results suggested that accumulation of CTL escape mutations in
Gag might attenuate viral replication and provide a clinical benefit during early stages of
infection. Using a novel approach, we have cloned gag sequences isolated from the
earliest seroconversion plasma sample from the acutely infected recipient of 149
epidemiologically linked Zambian transmission pairs into a primary isolate, subtype C
proviral vector, MJ4. We determined the replicative capacity (RC) of these Gag-MJ4
chimeras by infecting the GXR25 cell line and quantifying virion production in
supernatants via a radiolabeled reverse transcriptase assay. We observed a statistically
significant positive correlation between RC conferred by the transmitted Gag sequence
and set point VL in newly infected individuals (p = 0.02). Furthermore, the RC of Gag-
MJ4 chimeras also correlated with the VL of chronically infected donors near the
estimated date of infection (p = 0.01), demonstrating that virus replication contributes to
VL in both acute and chronic infection. These studies also allowed for the elucidation of
novel sites in Gag associated with changes in RC, where rare mutations had the greatest
effect on fitness. Although we observed both advantageous and deleterious rare
mutations, the latter could point to vulnerable targets in the HIV-1 genome. Importantly,
RC correlated significantly (p = 0.029) with the rate of CD4+ T cell decline over the first
3 years of infection in a manner that is partially independent of VL, suggesting that the
replication capacity of HIV-1 during the earliest stages of infection is a determinant of

pathogenesis beyond what might be expected based on set point VL alone.
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AUTHOR SUMMARY

In the majority of HIV-1 cases, a single virus establishes infection. However, mutations
in the viral genome accumulate over time in order to avoid recognition by the host
immune response. Certain mutations in the main structural protein, Gag, driven by
cytotoxic T lymphocytes are detrimental to viral replication, and we showed previously
that, upon transmission, viruses with higher numbers of escape mutations in Gag were
associated with lower early set point viral loads. We hypothesized that this could be
attributed to attenuation of the transmitted virus. Here, we have cloned the gag gene
from 149 newly infected individuals from linked transmission pairs into a clade C
proviral vector and determined the replicative capacity in vitro. We found that the
replicative capacity conferred by the transmitted Gag correlated with set point viral loads
in newly infected individuals, as well as with the viral load of the transmitting partner,
and we identified previously unrecognized residues associated with increasing and
decreasing replicative capacity. Importantly, we demonstrate that transmitted viruses
with high replicative capacity cause more rapid CD4+ decline over the first three years,
independent of viral load. This suggests that the trajectory of pathogenesis may be

affected very early in infection, before adaptive immunity can respond.
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INTRODUCTION

Despite a diverse HIV-1 quasispecies within chronically infected individuals, a single
variant establishes infection in the majority of heterosexual transmission cases, resulting
in a severe genetic bottleneck [1-3]. A more profound understanding of the interaction
between host and viral characteristics and how they shape early pathogenesis and
disease progression will be integral for understanding the trajectory and impact of early
events after heterosexual transmission. While it is well established that host factors such
as HLA-class I alleles can play a major role in determining clinical progression in those
individuals recently infected with HIV-1 [4-10] the role of transmitted viral
characteristics has been understudied due to the lack of suitable cohorts in which virus
from both the donor and linked recipient are available. Accordingly, studies using
epidemiologically linked heterosexual transmission pairs are essential for understanding
how viral evolution, adaptation, and the characteristics of the transmitted variant
influence HIV-1 pathogenesis.

Previous studies in both heterosexual and homosexual transmission pairs have
demonstrated that viral loads (VL) in the newly infected partners are correlated with VL
in the transmitting partner [11-13]. This finding is intriguing as the majority of the
linked couples have disparate HLA-I alleles, and would therefore have varying immune
responses to the incoming virus. Thus, the characteristics of the virus in the donor
quasispecies that impact replication can similarly impact the replication of the newly
infecting virus even in the context of what is frequently a distinct immunogenetic
environment. Indeed, when host factors known to modulate VL such as the presence of
protective or unfavorable HLA-I alleles, gender, age, and HLA-B sharing are taken into

account in a multivariable analysis utilizing a general linearized model, the correlation
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between donor and recipient VL becomes highly significant (Yue et al., manuscript in
submission).

It is clear that both humoral [14] and cellular immune responses can drive virus
evolution over the course of infection. In the case of the latter, escape mutations arise
that abrogate the ability of cytotoxic T lymphocytes (CTL) to kill virus-infected cells [15-
22]. While the selection of CTL escape mutations provides an in vivo advantage for the
virus, if a mutation occurs within a functionally constrained region of the genome such
as Gag, it could reduce in vitro replicative fitness [17,23-30]. This phenomenon has been
demonstrated for several CTL escape mutations associated with protective alleles such as
HLA-B*57, B*5801, B¥27, and B*81 [31-36]. The ability of protective alleles to target
conserved regions of the genome that escape with difficulty, due to the fitness costs
incurred by mutations at these epitopes, may partially explain the mechanism of
enhanced protection from disease progression in individuals with these alleles [37-41].
While evasion from the CTL response may result in such deleterious mutations, the in
vivo fitness benefit outweighs that of the replication cost [42], and the ongoing selection
of additional mutations may allow the virus to compensate for these defects
[17,29,32,33,35,43-49]. The functional consequence of escape and compensatory
mutations upon transmission to an HLA-mismatched individual has not been fully
explored.

Initial studies in the ZEHRP cohort of 88 transmission pairs demonstrated that
the number of transmitted HLA-B associated polymorphisms in Gag, but not Nef, was
negatively correlated to set point VL in the newly infected partners, suggesting that an
accumulation of escape mutations might attenuate viral replication and provide a clinical
benefit during early stages of infection [50]. In addition, in a smaller study of nine newly
infected individuals infected by viruses with fitness reducing HLA-B*5703 associated

epitope-escape mutations in p24, a lower set point VL was observed [24]. Previous
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studies have also shown that elite controllers can harbor viruses with gag-pro sequences
that confer reduced in vitro replicative capacities (RC) [51-53]. In a series of studies,
Brockman and colleagues have shown that in vitro RC conferred by gag-pro variants
isolated from both subtype B and C chronically infected individuals correlates to VL,
demonstrating the role of intrinsic viral characteristics in defining this marker of
pathogenesis [43,47,54,55]. However, in these studies the recombination of population-
based PCR amplified sequences into the lab adapted NL4.3 provirus required the
outgrowth of virus in a CEM-CCRp5 based cell line, potentially skewing the nature of the
virus recovered. In contrast, studies of HIV-1 fitness in acute infection did not yield a
statistically significant correlation between RC and VL, potentially due to small sample
sizes and the limitations of the methodologies used.

The identification of 149 heterosexual epidemiologically linked transmission
pairs from a discordant couple cohort in Lusaka, Zambia, provides a unique opportunity
to investigate the role that HLA-mediated adaptation of Gag within a chronically infected
individual plays in modulating the RC of the transmitted variant. We hypothesize that
HLA-mediated adaptation of HIV-1 resulting in Gag variants conferring varying levels of
RCs will be a major viral characteristic linking donor and recipient VLs, and that the in
vitro RC conferred by the transmitted Gag sequence defines early clinical parameters of
HIV-1 pathogenesis.

To test this hypothesis and using a novel approach, we cloned gag sequences
from the earliest seroconversion plasma sample from 149 newly infected recipients of
epidemiologically linked Zambian transmission pairs into the MJ4 proviral backbone
[56]. The RC of each Gag-MJ4 chimera was then determined and used to investigate how
the RC conferred by the transmitted Gag sequence defines clinical parameters, such as
early set point VL and CD4+ T cell decline in the newly infected individuals. These

studies allowed us to identify novel residues in Gag that influence RC, and demonstrate a
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strong correlation between RC and early set point VL, as well as between RC and CD4
decline during the first three years of infection, which was also found to be independent
of VL. Thus, the RC of the transmitted virus as defined by its gag gene influences critical

aspects of HIV-1 pathogenesis.
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MATERIALS AND METHODS

Study subjects

All participants in the Zambia Emory HIV Research Project (ZEHRP) discordant
couples cohort in Lusaka, Zambia were enrolled in human subjects protocols approved
by both the University of Zambia Research Ethics Committee and the Emory University
Institutional Review Board. Prior to enrollment, individuals received counseling and
signed a written informed consent form agreeing to participate. The subjects selected
from the cohort were initially HIV-1 serodiscordant partners in cohabiting heterosexual
couples with subsequent intracouple (epidemiologically linked) HIV-1 transmission [57-
59]. Epidemiological linkage was defined by phylogenetic analyses of HIV-1 gp41
sequences from both partners [60]. Viral isolates from each partner in the transmission
pair were closely related, with median and maximum nucleotide substitution rates of 1.5
and 4.0%, respectively. In contrast, median nucleotide substitution rate for unlinked
HIV-1 C viruses from the Zambian cohort and elsewhere was 8.8% [60]. The algorithm
used to determine the estimated date of infection (EDI) was previously described by
Haaland et al. [2]. All patients in this cohort were antiretroviral therapy naive. Zambian
linked recipients were identified 45.5 days (median, IQR = 41.5 — 50.5) after the
estimated date of infection, at which time plasma samples were obtained from both the
transmitting partner (donor) and the seroconvertor (recipient). The vast majority (95%)
of HIV-1 sequences derived from ZEHRP transmission pairs belonged to HIV-1 subtype
C with subtypes A, D, G, and J being detected only occasionally [60]. All of the

transmission pairs utilized in this study are infected with subtype C HIV-1.
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Viral loads and CD4+ count measurements

Early set point VL for newly infected individuals was defined as the earliest stable
nadir VL value measured between 3 and 9 months post infection and which did not show
a significant increase in value within a 3-4 month window. HIV plasma VL was
determined at the Emory Center for AIDS Research Virology Core Laboratory using the
Amplicor HIV-1 Monitor Test (version 1.5; Roche). CD4+ T cell counts were based on T-
cell immunophenotyping, with assays done using the FACScount System (Beckman
Coulter Ltd., London, United Kingdom) in collaboration with the International AIDS

Vaccine Initiative.

HLA-class I genotyping

Genomic DNA was extracted from whole blood or buffy coats (QIAamp blood kit;
Qiagen). HLA class I genotyping relied on a combination of PCR-based techniques,
involving sequence-specific primers (Invitrogen) and sequence-specific oligonucleotide
probes (Innogenetics), as described previously [10]. Ambiguities were resolved by direct
sequencing of three exons in each gene, using kits (Abbott Molecular, Inc.) designed for

capillary electrophoresis and the ABI 3130xI DNA Analyzer (Applied Biosystems).

Amplification and sequencing of gag from donors and linked recipients

Viral RNA was extracted from 140 pL plasma samples using the Qiagen viral RNA
extraction kit (Qiagen). Gag-pol population sequences were generated using nested gene
specific primers. Combined RT-PCR and first round synthesis was performed using

SuperScript III Platinum One Step RT-PCR (Invitrogen) and 5 pL viral RNA template.
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RT-PCR and first round primers include GOF (forward) 5°
ATTTGACTAGCGGAGGCTAGAA 3’ and VifOR (RT-PCR and reverse) 5°
TTCTACGGAGACTCCATGACCC 3. Second round PCR was performed using Expand
High Fidelity Enzyme (Roche) and 1 pL of the first round PCR product. Nested second
round primers include GIF (forward) 55 TTTGACTAGCGGAGGCTAGAAGGA 3’ and
VifIR (reverse) 55 TCCTCTAATGGGATGTGTACTTCTGAAC 3’. Three positive amplicons
per individual were pooled and purified via the Qiagen PCR purification kit (Qiagen).
Purified products were sequenced by the University of Alabama at Birmingham DNA
Sequencing Core. Sequence chromatograms were analyzed using Sequencher 5.0 (Gene
Codes Corp.), and degenerate bases were denoted using the International Union of Pure
and Applied Chemistry codes when minor peaks exceeded at least thirty percent of the
major peak height.

The percent similarity between donor and recipient population gag sequences
was determined by building a neighbor-joining tree using Geneious v5.5.7 (Biomatters
Ltd.). The percent similarity between nucleotide and amino acid alignment was
determined based on the output matrix from these neighbor-joining trees. In calculating
the percent similarity between amino acid sequences, degenerate bases that resulted in
non-synonymous changes and, thus, a mixture of amino acid residues, were translated as
an “X”. When one of the amino acids comprising a mixture in the donor was found in the
recipient Gag sequence, this was counted as a mismatch, making the average percent
similarity reported between donor and recipient gag sequences a maximal estimate of

percent mismatch.
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Generation of Gag-MJ4 chimeras

Viral RNA was extracted from linked recipients at the day of seroconversion time
point using the Qiagen viral RNA extraction kit (Qiagen). First round PCR products were
generated as was previously described for the gag sequencing of all 149 transmission
pairs [50]. Second round PCR was performed to generate gag amplicons for Gag-MJ4
chimera generation using Phusion Hot Start II polymerase (Fisher) and 1 pL of the first
round PCR product. Nested second round primers include GaglnnerF1 (forward) 5’
AGGCTAGAAGGAGAGAGATG 3’ and BcllDegRev2 (reverse) 5’
AGTATTTGATCATAYTGYYTYACTTTR 3’°, which generate a gag amplicon starting from
the initiation codon of gag and extending 142 nucleotides after the gag stop codon and
into pro. The 5’ portion of the MJ4 long terminal repeat (LTR) was amplified using
Phusion Hot Start II polymerase and the MJ4For1b (forward) 5’
CGAAATCGGCAAAATCCC 3’ and MJ4Rev (reverse) 5 CCCATCTCTCTCCTTCTAGC 3’
primer set. In order to make the proper insert for cloning, the patient-specific gag and
MJ4-LTR sequences were joined using a splice-overlap extension PCR utilizing the
MJ4For1b (forward) and BclIRev (reverse) 55 TCTATAAGTATTTGATCATACTGTCTT 3’
primer set. Joined splice-overlap-extension PCR products were gel purified using the
Qiagen gel extraction kit (Qiagen). Purified Gag-LTR inserts and wild-type MJ4 vector
(NIH AIDS Research and Reference Reagent Program, [56]) were digested with NgoMIV
and Bcll restriction enzymes (NEB) and ligated overnight at 4° C with T4 DNA ligase
(Roche) at a 3:1 insert to vector ratio. JM109 competent cells were transformed with
ligation products, plated onto LB/agar plates supplemented with 100 pg/ml ampicillin
and grown at 30° C. Gag-MJ4 chimeric DNA was isolated from cultures using the Qiagen
miniprep kit (Qiagen). Gag-MJ4 chimeras were sequenced to confirm gag insert fidelity

as compared to previously amplified population sequences. Two identical independent
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clones per linked recipient were chosen for replication assays in order to ensure

backbone fidelity during the cloning process.

Generation and titration of viral stocks

Viral stocks were generated by transfecting 1.5 ug purified proviral plasmid DNA
into 293T cells (American Type Culture Collection) using the Fugene HD transfection
reagent (Roche) according the manufacturer’s protocol. Viral stocks were collected 72
hrs post transfection, clarified by low-speed centrifugation, and frozen at -80° C. The
titer of each viral stock was determined by infecting TZM-bl cells (NIH AIDS Research
and Reference Reagent Program) with 5-fold serial dilutions of virus in a manner
previously described [36,61].

Both 293T and TZM-bl cell lines were maintained in complete Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum
(HyClone Laboratories), 2mM L-glutamine, and 100 U/ml penicillin G sodium, and 100

ug/ml streptomycin sulfate (Gibco) at 37°C and 5% CO..

In vitro replication capacity (RC) assay

In order to assess the RC of Gag-MJ4 chimeras, 5 x 105 GXR25 cells [62] were
infected at an MOI of 0.05, and 100 ul of viral supernatants were collected at 2 day
intervals. Briefly, GXR25 cells and virus were incubated with 5 pug/ml polybrene at 37°C
for 3 hours, washed 5 times with complete Roswell Park Memorial Institute (RPMI)
medium (Gibco) and plated into 24-well plates. Cells were split 1:2 to maintain
confluency, replaced with an equal volume of fresh media, and viral supernatants were

taken at days 2, 4, 6, and 8 as previously described [36,61]. Virion production was
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quantified using a 33P-labeled reverse transcriptase assay. Based on values obtained for
days 2-8, the optimal window for logarithmic growth for all viruses was determined to be
between days 2 and 6, as by day 8 many high replicating viruses had exhausted target
cells causing a flattening or decline of the replication curve. Therefore, logio-
transformed slopes were calculated based on days 2, 4, and 6 for all viruses. Replication
scores were generated by dividing the log,o-transformed slope of the replication curve for
each Gag-MJ4 chimera by the log,o,-transformed slope of wild-type MJ4. Two
independent Gag-MJ4 chimera clones per acutely infected linked recipient were run in
duplicate to confirm cloning fidelity. After both independent clones were confirmed to
have identical replicative capacities, one clone was subsequently run in triplicate in two
independent experiments in order to generate consistent replicative capacity scores.
GXR2j5 cells were maintained in complete RPMI medium supplemented with 10% fetal
bovine serum (HyClone Laboratories), 100 U/ml penicillin G sodium, 100 pg/ml

streptomycin sulfate (Gibco), and 1tomM HEPES buffer at 37°C and 5% CO..

Quantification of HIV-1 reverse transcriptase

Aliquots of culture supernatants from infected cells were added to an RT-PCR
master mix [63] and incubated at 37°C for 2 hours; then the RT-PCR product was blotted
onto DE-81 paper, and allowed to dry. Blots were washed 5 times with 1X SSC (0.15 M
NacCl, 0.015 M sodium citrate, pH 7.0) and 3 times with 90% ethanol, allowed to dry, and
exposed to a phosphoscreen (Perkin Elmer) overnight. Counts were read using a Cyclone

PhosphorImager [36,61].
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HIV-1 Gag polymorphism scores

HLA-associated polymorphisms were defined as any non-consensus
polymorphism that occurred at an amino acid position having known escape mutations
adapted to specific HLA-class I alleles as defined by a list of associations generated in a
manner similar to that described previously [44,64] from 1899 subtype C gag sequences
from Zambia and South Africa (Carlson, et al., manuscript in preparation).
Polymorphisms that increased or decreased replicative capacity were defined based on
amino acid associations with RC derived from an exploratory pair-wise analysis detailed
in the experimental results. To generate a summed polymorphism score, the number of
HLA-associated fitness-decreasing polymorphisms was subtracted from the number of

HLA-associated fitness-increasing polymorphisms.

Statistical Analysis

The relationships between RC and set point VL, donor VL, and average CD4+
counts; RC and the number and quality of HLA-associated polymorphisms; and VL and
the number and quality of HLA-associated polymorphisms were analyzed using the
Spearman rank correlation. Linear regression analyses were utilized to generate trend
lines to facilitate visualization of correlation graphs. Mann-Whitney tests were used to
compare the differences in RC between rare and more common polymorphisms. Mann-
Whitney tests were used to analyze the difference in median set point VLs between
different RC groups (RC<1, RC=1-2, RC>2). All Spearman correlations, Mann-Whitney
tests, and linear regression analyses were performed using Prism GraphPad v5.0
(GraphPad Software, Inc.). The Mann-Whitney U test was used to identify statistically

significant differences in RC between two groups (e.g. sequences with or without a given
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HIV polymorphism). Multiple tests were addressed using q-values [65], which estimates
the expected proportion of significant tests that are false positives. To limit the number
of tests, we considered only groups containing at least 3 individuals.

A subset of volunteers with longitudinal CD4+ T cell counts (n=63) was analyzed
to characterize the relationship between RC and T cell decline. Survival analysis was
used to estimate the association between replicative capacity (RC) and the drop of CD4+
cell count. The endpoint is defined as the time before CD4+ T cell counts drop below a
threshold, e.g. 300 or 350 cells/mms3. The set point VL is another factor being
considered. Kaplan Meier curve and log-rank test were used to compare the survival
between the groups with RC<1 and RC>2. Cox proportional hazard regression was used
to assess risk associated with high RC with or without adjustment for the confounding
factor of set point VL. The sample size (n=66) was inadequate for a more complete

analysis with additional covariates.
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RESULTS

Selection and characterization of transmitted gag sequences

Studying heterosexual transmission of HIV-1 within the context of discordant
couples allows for full characterization of viruses from both donor and recipient. From a
total of 294 epidemiologically linked transmission pairs identified from 1998-2010 in the
Zambia Emory HIV Research Project (ZEHRP) discordant couple cohort [66], we
selected 149 individuals that had been enrolled for at least 1 year and had at least 9
months of follow up post serconversion. The median time post estimated date of
infection (EDI) for all 149 individuals was 45 days. Thus, this represents a unique early
infection linked transmission pair cohort.

The median log,, VL for donors near the time of transmission and the median
log.o set point VL for linked recipients was 5.02 (IQR = 4.51 — 5.45) and 4.39 (IQR = 3.91
— 4.99) respectively for all participants included in this study. Figure S1 depicts the
phylogenetic clustering of population sequences for the gag gene of the 149
epidemiologically linked transmission pairs and highlights the high degree of sequence
similarity between donor and recipient viruses.

The majority of population gag sequences isolated from acute/early time points
of linked recipients were homogeneous and in most cases were identical to the donor
population gag sequence isolated near the EDI. Overall, donor and linked recipient
sequences differed in amino acid composition by only 2.7%. Mutations were counted
when a mixture of nucleotides (amino acids) in the donor population sequence resolved
to a single residue in the recipient and thus represent maximal values. Of the 149 pairs
only 37 recipient sequences had evidence of potential early escape and a majority of

these individuals (28/37) had only a single amino acid change. Therefore, we can



51

conclude that the majority of the sequence polymorphisms present at the seroconversion
time point are derived from the chronically infected donor. Additional characteristics of

the cohort including set point VL and CD4+ counts are listed in Table 1.

Construction of Gag-MJ4 chimeric viruses

Previous studies investigating the role of Gag viral fitness have employed a
recombination approach in which sequences are PCR amplified as a bulk population,
allowed to recombine into a gag-deleted NL4-3, and resulting viruses propagated in
permissive cells [43,47,51,53-55]. This method has three distinct disadvantages: there is
no control over the sites of recombination, it requires the outgrowth of virus which may
select for the most fit virus in the population and could also select for sequence changes,
and the introduction of subtype C sequences into a lab adapted subtype B proviral
backbone may introduce biases due to the interaction of subtype B proteins with subtype
C Gag. In order to avoid these limitations and because we are studying individuals
recently infected with HIV, where the population is generally homogeneous, we have
employed a direct cloning method that allows for the introduction of the entire gag gene
into a replication competent, CCR5 tropic, clade C provirus, MJ4 [56].

A splice-overlap-extension PCR was employed to fuse the MJ4-LTR-Uj5 sequence
with the transmitted gag sequence. This ensures that the cis-acting sequences upstream
of Gag, which may influence expression levels, are constant throughout all constructs.
The resulting chimeras include the entire transmitted gag sequence from the initiation
codon to the end of Gag and extend into conserved region of protease by 47 amino acids.
For each newly infected individual, at least two independent Gag-MJ4 chimeras were
sequence confirmed and assayed for replicative capacity (RC). An analysis of variation

of RC between the two independent clones derived from each newly infected linked
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recipient was 8.5%. Testing two independent clones, therefore, ensures that the
observed RC is not due to the confounding effect of backbone mutations that might have
arisen during the cloning process and provides an estimate of experimentally induced
variation.

Overall, a low amount of heterogeneity was detected in gag population sequences
isolated from linked recipients, with only 28% having one or more mixed bases resulting
in amino acid changes in the sequences from which the Gag-MJ4 chimeras were
generated. When this was the case, the gag clone with the sequence closest to the donor
gag sequence was chosen in order to avoid sampling gags containing de novo escape or
reversion. In some cases in which multiple variants appeared to be transmitted, several
gag variants were assayed for RC as described in the materials and methods section. In
each case, these minor variants were found to have similar or identical RC values (data

not shown).

Introduction of gag sequences from newly infected individuals into MJ4 drastically

alters replicative capacity

In initial replication assays performed in order to test assay precision, wild-type
MJ4 exhibited an intra-assay variability of 10.4% and an inter-assay variability of 8.7%.
Figure 1 shows the results of a typical experiment for all 149 Gag-MJ4 chimeras, with
wild-type MJ4 depicted in red. The normalized RC values of the chimeras ranged from
less than 0.01 to greater than 3.5. Some viruses replicated more than 100 times more
efficiently than MJ4, demonstrating that substitution of Gag can have a profound impact
on the ability of the virus to replicate in cells.

Correlation between the replicative capacities conferred by transmitted gag

sequences and viral loads in newly infected individuals and their transmitting partners
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An examination of the RC of transmitted viruses allows us to determine the role of viral
replication in defining set point VL in acutely infected individuals before significant viral
adaptation to immune pressure of the host has taken place, which might confound the
relationship of RC to VL. We observed a statistically significant positive correlation
between the replicative capacities of Gag-MJ4 chimeras and set point VLs in newly
infected individuals (Figure 2A; Spearman correlation r = 0.17, p = 0.02), a correlation
that persists when conditioning on the presence of B¥57 in, and the sex of, the linked
recipient (p = 0.009). This finding indicates that the RC conferred by the transmitted
Gag sequence clearly plays a role in defining early set point VL of newly infected
Zambian linked recipients.

In several cohorts VL in the transmitting partner and that in the linked
seroconvertor have been shown to be correlated [11-13]. In order to more fully explore
the possible contribution of RC in explaining this phenomenon, we compared VLs of the
transmitting partner at the time of transmission to the RC defined by the transmitted
Gag sequence. Despite both a higher maximum and wider range of VLs within
transmitting partners, we observed a statistically significant positive correlation between
RC and the set point VL of the donors, similar to that of their newly infected partners
(Figure 2B; Spearman correlation r = 0.18, p = 0.01). This supports the concept that RC,
defined by Gag, is a viral characteristic contributing to the positive correlation between
donor and recipient VLs that has been previously reported [11-13].

Several amino acids in Gag significantly correlate to changes in replicative
capacity. Uncovering sites of vulnerability in HIV-1 is a high priority for the informed
design of an effective HIV vaccine [21]. Therefore, we examined all 149 Gag sequences
and their RC using an exploratory pairwise analysis described previously [43,54], to
uncover residues that significantly affect the virus’ ability to replicate in vitro. We found

49 residues at 31 unique positions that had a statistically significant effect on RC at p <
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0.05 (q < 0.51) and 4 residues at 3 unique positions that were significant at p<0.002
(g<0.2) (Table S1). In what follows, we will use q<0.2 as the significance threshold when
individual sites of significance are considered, and q<0.51 (p<0.05) as the significance
threshold when we are testing broad trends, in which we are willing to increase our
expected false positive rate as a tradeoff to substantially reduce our expected false
negative rate.

The locations of all statistically significant polymorphisms (p < 0.05), along with
their effects on RC as compared to the median RC of all viruses, are plotted linearly on a
graphical representation of the Gag protein (Figure 3A.). Residues that dramatically
modulate RC were enriched in p17 and p2 (Fisher’s exact test, p<0.0001). In addition,
roughly two-thirds of the non-consensus residues with p<0.05 increase fitness relative to
the median RC for the entire population.

An expanded data set of 1899 subtype C gag sequences from Zambia and South
Africa (Carlson, Schaefer et. al., manuscript in preparation) was utilized to identify
residues that affected RC and were also HLA-associated. Within this data set, HLA-
associated polymorphisms are classified as being either adapted or non-adapted. An
adapted residue is one that is escaped relative to the HLA-allele in question. In contrast,
a residue that is non-adapted is the susceptible form and may render the virus
vulnerable to immunological targeting by the HLA-allele in question. This new dataset
has identified a total of 199 HLA-linked polymorphisms (q<0.2, p<0.0007) vs. 59
associations utilized previously from a smaller subset of gag sequences [27,50]. Within
the 49 residues associated with changes in RC, 7 polymorphisms were found to be
adapted to specific HLA class I alleles, clearly demonstrating the impact of the cellular
immune response in affecting viral fitness (Figure 3B, * denotes q< 0.2). Six
polymorphisms were found to be non-adapted to specific HLA class I alleles (Figure 3C,

* denotes q < 0.2). Since these are non-consensus polymorphisms, it is possible that
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consensus at these residues is escaped relative to these HLAs, potentially explaining why
an adapted consensus residue at this position is the less fit variant. Indeed, 5 consensus
residues (62K, 4515, 4888, 85L, and 309A) with p<0.05 were found to be adapted to
HLA-I alleles, demonstrating that the cellular immune response can drive selection for

consensus residues.

Rare polymorphisms have the greatest effect on replicative capacity

During our analysis of amino acid polymorphisms linked to changes in RC (p <
0.05), we observed a negative correlation between the frequency of polymorphisms and
the magnitude of their effect on RC (Spearman correlation, r = -0.89, p < 0.0001).
Indeed, rare polymorphisms, those occurring in less than 10 of the 149 individuals
studied, had significantly greater impact (both negative and positive) on RC than
polymorphisms that occurred more frequently (Figure 4A and 4B). This finding is
especially intriguing in the case of rare deleterious mutations, as these residues may
highlight epitopes at which HIV escapes or compensates for fitness defects with great
difficulty, similar to those described for elite controllers [52], and may, therefore, be

attractive targets for a cellular-based vaccine.

The cumulative and qualitative effect of HLA associated polymorphisms in Gag on

replicative capacity

In order to investigate whether there is a cumulative effect of viral escape from
cellular immune pressure in Gag on RC, the expanded dataset of HLA-associated
polymorphisms generated from an analysis of 1899 gag sequences from Zambia and

South Africa (Carlson, Schaefer et al., manuscript in preparation), described above, was
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employed. The number of non-consensus polymorphisms located at HLA-associated
positions was determined for each MJ4 chimera and then correlated with the RC defined
by those Gag sequences. Surprisingly, we found a positive association between the
number of HLA-associated polymorphisms and RC (Fig 5A; r = 0.14, p = 0.05). Although
counterintuitive, this is consistent with the fact that not all HLA-associated
polymorphisms within a particular Gag sequence will necessarily reduce fitness. We
have shown in the previous sections that several non-adapted (or “susceptible” to HLA
pressure) HLA-associated polymorphisms increase fitness relative to the median of all
sequences. Indeed, we observe a highly statistically significant positive correlation
between the number of non-adapted HLA-associated polymorphisms and RC (Spearman
correlation, r = 0.23, p = 0.003; data not shown). Thus, the inclusion of both adapted (or
escaped with respect to specific HLA alleles) and non-adapted polymorphisms within
this expanded HLA-associated dataset may explain the observed positive association
between numbers of HLA-associated polymorphisms and RC. Therefore, we hypothesize
that it is the balance and interaction of both fitness increasing and fitness decreasing
polymorphisms within a particular sequence that ultimately determines the RC of the
virus.

In order to more accurately determine how the number and quality of HLA-
associated polymorphisms affects RC and to correct for the opposing influence of both
increasing and decreasing polymorphisms within a particular sequence, a summed
polymorphism score was calculated by assigning fitness increasing polymorphisms a
score of +1, fitness decreasing polymorphisms a score of -1, and neutral polymorphisms a
score of 0. HLA-associated polymorphisms were defined as being positive, negative, or
neutral based on the previously described univariate analysis that correlated specific
residues within our 149 sequences with changes in RC. In this modified analysis, we

observed a highly statistically significant correlation between the summed
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polymorphism score and RC (Figure 5B: Spearman rank correlation; r = 0.6, p =
<0.0001), confirming that the sequence features are approximately independent of each
other and suggesting that the offsetting influence of fitness decreasing and increasing
polymorphisms is a strong contributor to RC. This finding may explain the observation
that, in general, the most-fit viruses are less like the consensus subtype C Gag sequence,

consistent with a majority of polymorphisms increasing fitness (Figure S2, [55]).

The cumulative and qualitative effect of HLA-associated polymorphisms in Gag on set

point viral load

In a previous report using 88 Zambian linked seroconverters, we reported that
increasing numbers of transmitted HLA-B associated polymorphisms within or adjacent
to well defined epitopes were associated with lower set point VLs [50]. When we expand
this analysis to include all 149 Zambian linked recipients and use the same dataset of
HLA-linked polymorphisms used by Goepfert et al. [50] we observe the same correlation
(r =-0.15, p = 0.03, Figure 6A). However, when we use the expanded HLA-associated
data set (199 associations) to define HLA-associated polymorphisms, we no longer
observe a statistically significant negative association between the number of transmitted
HLA-associated polymorphisms in Gag and set point VL (Figure 6B).

We therefore hypothesized that, as with RC, this correlation between the total
number of transmitted HLA-associated polymorphisms in Gag and set point VL in newly
infected individuals may be confounded by not taking into account whether
polymorphisms increase or decrease fitness. Indeed, using the summed polymorphism
score, we observe a highly significant correlation between the summed score of HLA-
associated polymorphisms and set point VL (Figure 6C: r = 0.21, p = 0.006). This

demonstrates that it is not merely the quantity of HLA-associated polymorphisms
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present in the transmitted Gag sequence that ultimately defines set point VL, but it is the
influence of both fitness increasing and decreasing polymorphisms that contributes to

RC and in turn set point VL in newly infected individuals.

Transmission of viruses with low replicative capacities provides recipients with a

longer-term clinical benefit

Though set point VL has been shown to be a relevant marker for disease
progression [67,68], CD4+ T cell counts are traditionally used to define those individuals
that have progressed to AIDS and are at a higher risk for opportunistic infections
[60,70]. Therefore, we analyzed a subset of individuals (n=66) for whom longitudinal
CD4+ T cells counts for at least one-year post-infection are available. We observed a
statistically significant correlation between the average CD4+ T cell counts and the
replicative capacities of Gag-MJ4 chimeras (Figure 7A, Spearman correlation, r = -0.24,
p = 0.02). This demonstrates that infection with attenuated viruses may impart some
survival benefit to newly infected individuals, at least within the first year of infection.
Subsequently, we determined whether individuals infected with poorly replicating
viruses exhibit differential pathogenesis over the first three years of infection or whether
this early benefit is transient and quickly lost. To answer this question, we studied a
subset of the linked recipients (n=63) for whom CD4+ T cell counts were available at
regular three month intervals for greater than one year post-infection.

In a Kaplan-Meier survival analysis, in which we defined the endpoint as having a
CD4+ T cell count >350 cells/mm3 (WHO recommendation for initiation of anti-
retroviral therapy [71]), we observed a statistically significant difference in the number of
individuals that maintain CD4+ counts >350 cells/mm3 between those infected with

viruses that replicate very poorly (RC<1) and those infected with highly replicating
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viruses (RC>2), within the first 3 years of infection (Figure 7B, Mantel-Cox test p =
0.029). This disparity in disease progression was even more pronounced when the
endpoint was defined as having CD4+ T cell counts >300 cells/mms3, demonstrating a
median difference of 896 days before falling below the CD4+ count cut off between
individuals infected with low and high replicating viruses (Figure 7C, Mantel-Cox test p
= 0.014). Using a Cox proportional hazard model, we demonstrate a significantly
increased risk of CD4+ T cell counts falling below 350 (Hazard Ratio (HR) 2.36; p =
0.034) or 300 (HR 3.80; p = 0.021) over the first three years of infection for individuals
whose Gag conferred an RC>2 vs. RC<1.

Interestingly, the benefit conferred by low replicating viruses could not be wholly
explained by differences in set point VL within this smaller data set. Although there was
a trend towards higher VLs between the two most disparate groups, with a 2.5 fold
difference in median VLs (Figure 7D), we observed no statistically significant differences
in median set point VLs between individuals infected with low (RC<1), medium (RC= 1-
2), and highly (RC>2) replicating viruses. Further, in Cox proportional hazard models
that take into account VL, the HR remained high (2.18 and 3.12 respectively) and p
values continued to trend or remain borderline significant (p = 0.093 and 0.051) (Table
2), indicating that both VL and RC can independently affect CD4 loss. Moreover, the HR
associated with log10 increases in set point VL alone was lower than that for RC alone
(HR = 1.75 versus 2.62, and 2.09 versus 3.80; CD4 <350 and 300 respectively; Table 2).
These results suggest that infection with a low replicating virus confers clinical benefit
outside of the effect of RC on set point VL, and that the kinetics of viral replication early

in infection can ultimately dictate long-term pathogenesis.
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DISCUSSION

In this study of 149 linked Zambian heterosexual transmission pairs from the
ZEHRP discordant couple cohort we have more fully characterized the role that HIV-1
viral characteristics, in particular the replicative capacity (RC) conferred by the
transmitted gag sequence, plays in defining parameters of early HIV-1 pathogenesis.
Identification and comparison of both donor and recipient gag sequences for all 149
transmission pairs revealed a high degree of similarity (97.6%) within each linked pair,
allowing us to conclude that the majority of polymorphisms in Gag present at the

seroconversion time point were transmitted from the chronically infected donor.

Transmitted gag sequences from newly infected individuals engineered into MJ4

drastically alters replicative capacity

Since all of the transmission pairs in this study were infected with subtype C
viruses, our approach of precisely cloning gag genes from acutely-infected recipients
into a primary isolate (MJ4) provirus has many important advantages over previously
employed methods. MJ4 is a CCR5 tropic infectious molecular clone derived from a
subtype C clinical isolate from Botswana, providing greater homology to viruses
circulating within the Zambian population than other previously used subtype B lab-
adapted strains [33,47,54,55]. Additionally, this cloning method for generating Gag-
MJ4 chimeric viruses does not rely on recombination based technologies that require the
outgrowth of viral quasispecies, which may select for the most fit virus, and in some
cases, amino acid changes in the viral stocks that are not present in the individual from
which they were derived [32,47,53-55]. The use of a common Becll restriction site located

137 nucleotides after the gag stop codon in MJ4 does result in a chimeric protease,
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however, this region is 96.5% conserved in this cohort and we did not observe a high
prevalence of dead or inactive Gag-MJ4 chimeras.

The impact of engineering foreign gag sequences into MJ4 on virus replication
was highly significant, with many of the chimeras exhibiting RC values greater than a
hundred-fold higher than wild-type MJ4, which in this assay is one of the poorer
replicators. This indicates that substitution of Gag can drastically alter the in vitro RC of
the virus when all other viral components are constant. Multiple intra-molecular
contacts as well as host protein interactions in Gag are necessary for effective
intracellular Gag trafficking [72,73], particle formation [74], budding [75,76], maturation
[77] and disassembly [78]. Therefore, immune mediated adaptation of this functionally
constrained protein could have clear consequences for viral replication through
disruption of these many interactions.

Correlation between the replicative capacities conferred by transmitted gag
sequences and viral loads in newly infected individuals and their transmitting partners
It has been well established that the set point VL in those recently infected with HIV-1 is
correlated to disease progression and clinical outcome [67,68]. Previous data from our
group demonstrated that transmission of sequences with increasing numbers of CTL
escape mutations in Gag resulted in lower set point VLs in newly infected individuals, a
finding that suggested that transmitted HLA-associated polymorphisms in Gag might
negatively affect viral replication [50]. We have confirmed this association in the current
study after increasing the number of transmission pairs analyzed from 88 to 149. This
result is consistent with studies by Brockman et al., which have demonstrated a
statistically significant link between the RC conferred by gag-pro genes in subtype B and
C chronically infected individuals to VL [43,47,54,55]. However, a statistically
significant correlation between Gag RC derived from acutely infected individuals and set

point VL has not previously been definitively reported in a subtype C cohort.
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In contrast, in this large group of very early ZEHRP seroconvertors (with samples drawn
a median of 45 days post-EDI) we observed a clear statistically significant correlation
(p=0.02) between the RC conferred by the transmitted gag sequence and the early set
point VL in newly infected individuals. This result implies that RC plays a role in
defining the overall level of virus replication during the first year of infection. Moreover,
in multivariable analyses that take into account the early viral control imposed by the
B*57 allele and by gender, the impact of RC on set point VL was found to be independent
of these two host factors (p=0.009). Other factors such as NK cells and restriction
factors such as TRIM or APOBEC may potentially affect RC and VL, however little is
currently known regarding these potential effects, and future efforts should evaluate the
role of such factors. While we observed a statistically significant positive correlation
between RC and set point VL, outliers in the data exist that do not fit the trend, and in
some cases can be explained by the presence of protective HLA-alleles or by a large
number of escape mutations present in the transmitted sequence that are relevant to the
HLA background of the newly infected individual. Set point VL is clearly determined by a
combination of both host factors, including HLA-alleles, and viral factors such as RC,
and this may explain the differences in the absolute correlation for each individual.

The RC of Gag-MJ4 chimeras also correlated with VLs near the estimated date of
infection in chronically infected donors, consistent with the previously reported
observation that donor and recipient VLs are correlated within epidemiologically linked
transmission pairs [11-13]. The data presented here would suggest that the RC conferred
by the transmitted Gag sequence is a contributing viral characteristic of that donor virus

responsible for influencing early set point VL in the newly infected partner.
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Several amino acids in Gag significantly correlate to changes in replicative capacity

In a pair-wise analysis, a large number of residues were associated with changes
in fitness (p<0.05, q<0.51), with 4 residues at 3 unique positions at q<0.2. These
residues included the polymorphisms 30R and 311 in p17 (MA), and 309S in p24 (CA).
However, in an exploratory analysis of those residues associated with changes in RC with
a p value <0.05, it was clear that associated polymorphisms were noticeably enriched on
a per residue basis in p17 and p2 (Fisher’s exact test, p<0.001). The former plays critical
roles in intracellular trafficking, and membrane association of Gag [73,79,80], while the
latter is an important structural element involved in formation of the immature protein
shell [81,82] and a target of the novel drug Bevirimat during maturational cleavage of the
Gag precursor [83,84]. Surprisingly, only one third of the associated mutations
negatively affected virus replication, while nearly two-thirds of the associations
increased fitness. Some of these fitness-increasing mutations represent adapted
polymorphisms (i.e. selected as immune escape) and in terms of vaccine design it may be
important to avoid the inclusion of such epitopes.

Polymorphisms positively or negatively affecting replication in the p24 region of
Gag were limited to just six residues (4 positive, 2 negative), in accordance with the
conserved nature of this protein. Surprisingly, none of the canonical B*57/B*5801
associated escape mutations within p24, whose fitness defects have been well
documented [24,31-34], were found to be significantly associated with decreases in RC in
our present study. This may be due to the high prevalence of B*57/B*5801 positive
individuals within this cohort (25%), which could promote viral adaptation to these
alleles over time through compensatory mutations [22]. It is also possible that some

fitness defects such as those associated with T242N within the TW10 epitope might be
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missed in the current study, as a previous study has shown that it is cell-type dependent
[32].

The most deleterious HLA-associated mutation that we observed was Ki12E,
which reduced RC by almost 10-fold relative to the median RC of the cohort. This
polymorphism is found quite rarely in the population (3 out of 149), and is statistically
associated with HLA-A*74, an allele found to be highly protective in both this Zambian
subtype C cohort as well as others [9,85]. The protective effect of A*74 has recently been
demonstrated to be independent of HLA-B*57 [86]. The negative in vitro impact of
mutations at residue 12 on replication is supported by a longitudinal study of a subset of
this seroconvertor cohort (n=81), in whom polymorphisms at residue 12 were found to
revert at a high rate (25%/yr), over the first two years of infection (Schaefer et al.,
manuscript in preparation). Furthermore, in this same study, escape at position 12
occurred only once and at 24 months post-infection in a total of ten A*74 positive
individuals, confirming the high fitness cost associated with CTL-induced escape
mutations at this position. We hypothesize that the targeting of this putative epitope,
KRg [86], may account for part of the protective effect conferred by A*74 and indicates
that protective immune responses can target regions of Gag outside of p24. While the
nature of the replication defect in viruses encoding K12E remains to be determined, this
residue does lie in the highly basic region at the N-terminus of p17 (MA), which is

involved in membrane targeting and membrane association of Gag [80,87,88].

Rare polymorphisms have the greatest effect on replicative capacity

Rare mutations, such as K12E, which occur in a small subset of the population

studied here (less than 10 individuals of the 149), affected fitness to a statistically greater

degree than more common polymorphisms. Rare fitness decreasing mutations are likely
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unique to specific circumstances such as those where a considerable decrease in RC is
warranted in the face of a very effective cellular immune response that is largely
abrogated upon mutation. Such mutations have been found to subsequently revert after
transmission to individuals lacking the selecting HLA-allele [17,42,89] and in whom they
now confer a fitness deficit for the virus. These sites of rare fitness reducing
polymorphisms may emphasize vulnerable epitopes at which HIV-1 escapes from
immune pressure with great difficulty. Alternatively, it is possible that, when escape
occurs, it is consistently associated with a decrease in RC that cannot be completely
compensated.

A similar observation was made for rare mutations that greatly increase RC.
Global compensatory mutations do exist that can compensate multiple deleterious
mutations, such as those within the cyclophilin binding loop [42,46]. Some of the rare
fitness increasing mutations may be of this type, although those reported previously have
generally been quite common in the population. Compensatory mutations can also be
secondary site-suppressors of deleterious mutations [90]. Frequently, such mutations
are only conditionally beneficial and can be deleterious in a different context, which
could explain why some fitness increasing mutations are rare. It is also possible that
these mutations do carry some unrecognized in vivo fitness cost that cannot be captured
in the in vitro replication system used here. Due to the fact that these mutations are
rare, they are difficult to statistically link to HLA alleles or to link to other residues with
which they may covary, making the potential fitness defects that these mutations

mitigate difficult to elucidate.
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The cumulative and qualitative effect of HLA associated polymorphisms in Gag on

replicative capacity and VL

A key goal of this study was to understand how the cellular immune response
might select for mutations in Gag that reduce viral RC, and while identification of
specific amino acid polymorphisms that either increase or decrease fitness can be
informative, it is equally important to elucidate how the accumulation of specific HLA-
associated polymorphisms in Gag affects both RC of the virus and VL in the newly
infected person. Previous efforts to correlate the total number of HLA-associated
polymorphisms in Gag to RC have yielded inconclusive results [32,54], perhaps because
the quality of the polymorphisms in question was not considered. Using an expanded list
of HLA-associated polymorphisms (Carlson, Schaefer et al., manuscript in preparation)
we report a weak positive correlation between the total number of HLA-associated
polymorphisms in Gag and RC. The fact that this correlation was positive is consistent
with our observation that a large fraction of the non-consensus HLA-associated
polymorphisms increased RC. In particular, in the expanded data set of HLA-associated
polymorphisms, we observed that non-adapted residues, which would be predicted to
render the virus susceptible to the linked HLA allele, were statistically associated with
increased fitness.

These findings suggest that CTL escape mutations, which decrease the overall RC
of the virus, are being driven to consensus as a result of population level immune
pressure. In the absence of immune pressure, the non-escaped (non-adapted) residues
would be expected to predominate, but if they render the virus susceptible to a large
portion of the population, then the consensus residue will be escaped rather than
susceptible, despite reducing in vitro fitness. This is consistent with the findings of

Kawashima et al. [22] that the frequency of certain HLA-class I alleles within a particular
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population can influence the fixation of escape mutations in the overall population.
Moreover, Wright et al. [55] showed that Gag-NL43 recombinant viruses encoding gag-
pro sequences most disparate from the subtype C consensus gag-pro sequence had
statistically higher replicative capacities than their more consensus-like counterparts,
and this finding has been recapitulated in this current study. Taken together, these data
suggest that overall, HLA-mediated adaptation is driving the fixation of consensus
residues that are less fit than their susceptible counter-parts.

When we account for this ability of HLA-associated polymorphisms to either
increase or decrease fitness by assigning a summed polymorphism score, which
subtracts the number of fitness decreasing polymorphisms from the number of fitness
increasing polymorphisms in a particular sequence, we find a highly statistically
significant correlation between RC and the summed polymorphism score (p<0.0001).
Although this p-value should be interpreted cautiously, since it reflects the summation of
features previously identified to be correlated with RC, the data do suggest that the effect
of polymorphisms is cumulative, and that as a Gag sequence accumulates an excess of
fitness-reducing polymorphisms, the RC decreases proportionally. Similarly, utilization
of a summed polymorphism score improved previously reported correlations between
the total number of HLA-associated polymorphisms in Gag and set point VL in newly
infected individuals [50]. We observed a highly statistically significantly correlation (p =
0.006) between the summed polymorphism score and set point VL in newly infected
individuals. Just as this balance of fitness increasing and decreasing polymorphisms
impacts RC, it simultaneously influences the set point VL of the newly infected

individual.
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Transmission of viruses with low RCs provides recipients with a longer-term clinical

benefit

While VL has been demonstrated to influence the rate of disease progression in
HIV-1 infected individuals [68,69], it is possible that, during the very earliest stages of
infection and before host immune control, the replication rate of the virus may affect the
rate of future damage to the immune system. Indeed, we observed a statistically
significant negative correlation between RC and average CD4 counts for the first year
post infection, suggesting a role for RC in defining this important parameter of
pathogenesis at early stages after infection. However, it is possible that this early benefit
could be quickly lost due to further adaptation of the virus to the new host’s
immunogenetic background and further compensation for de novo escape mutations.
Consequently, we analyzed individuals with longitudinal CD4 counts out to three-years
post infection in order to determine if the observed early benefit was sustained in early
chronic stages of infection. Using Kaplan-Meier survival analyses to examine the relative
time for individuals infected with viruses encoding gag genes conferring RC values of <1
and >2 to reach CD4 T cell counts of 350 after 3 years of infection, we observed a clear
and statistically significant difference. This was even more striking when CD4 counts
less than 300 were used as the endpoint. Moreover a Cox proportional hazard model
demonstrated a significantly increased risk of CD4 counts falling below both 350 (HR
2.36) or 300 (HR 3.80) over the first three years of infection for individuals whose gag
gene conferred an RC>2 vs. RC<1. These findings indicate that the RC conferred by the
transmitted Gag sequence may have profound and prolonged effects on HIV-1
pathogenesis from acute to early chronic stages of infection.

While RC and VL are correlated in the full data set, set point VL does not fully

explain the effect of RC on CD4, because we did not observe any statistically significant
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differences in set point VL between the two groups (RC<1 and RC>2) for the subset of
individuals with CD4+T cell counts (n=63). Moreover, in Cox proportional hazard
models which take into account VL, the HR remained high (2.17 and 3.11 respectively)
and p values continued to trend or remain borderline significant (p=0.093 and 0.051).
This suggests that both VL and RC have independent effects on CD4 decline, however,
because this analysis was conducted on a subset of less than half of our initial cohort,
additional work is underway to further confirm and extend these results.

It seems possible, therefore, that the RC of the transmitted variant may initiate
crucial events, early in infection and dissemination, that dictate both acute and later
stage pathogenesis regardless of the ability of the immune system to control viral
replication down to set point. Infection with highly replicating variants could lead to a
more complete depletion of central memory CD4+ T cell pools at this early time that
could predispose an individual to more rapid CD4+ T cell loss, irrespective of adequate
control of viral replication. This is evidenced in a few individuals infected with highly
replicating Gag variants (RC>2), who go on to control VL to a low set point, but whose
CD4+ T cells counts rapidly drop below 300 (data not shown). Additionally, a high level
of peak viremia or initial high antigen loads could establish an inflammatory
environment that leads to sustained immune activation, which has been implicated as a
more reliable marker for disease progression [91]. These possibilities are the focus of
ongoing work.

In summary, using an in vitro approach to define the impact of polymorphisms
in Gag on transmitted virus RC has clearly shown that this property of the virus is a
significant contributor to early set point VL in a newly infected individual. More
importantly, however, these studies suggest a critical role for RC in defining the
trajectory of immune depletion and pathogenesis, beyond simply its impact on VL, and

highlight the importance of the very earliest events in virus-host interactions. It also
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raises the possibility that a vaccine that can attenuate early virus replication would have
a positive impact both on vaccinated individuals, as well as non-vaccinated individuals
by weakening the transmitted/founder virus and increasing the likelihood of

transmission of low replicating variants.
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Figure 1. Insertion of the gag gene from newly infected individuals
dramatically alters the replicative capacity of MJ4

In order to generate replication curves, 5 x 105 GXR25 cells were infected with Gag-MJ4
chimeras at an MOI of 0.05. Viral supernatants (100 uL) were collected on days 2, 4, and
6, and the amount of virus in supernatants was quantified using a radiolabeled reverse
transcriptase assay. Replicative capacity scores were generated by dividing the log;o-
transformed slope of replication of each Gag-MJ4 chimera by the log;o-transformed
slope of MJ4. It is clear that the insertion of the gag gene alone can dramatically alter
the in vitro RC, generating viruses with up to 1000-fold different replication curves.

DLU, digital light units.
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Figure 2. Replicative capacity is correlated to viral load in recipients and
donors (A) The RC of Gag-MJ4 chimeras generated from gag sequences isolated from
epidemiologically linked recipients at acute time points correlates to early set point VL in
the same acutely infected recipients (Spearman correlation, r = 0.17, p = 0.02).
Replicative capacity scores were generated by normalizing the log,,-transformed slopes
of replication curves from days 2 through 6 for each Gag-MJ4 chimeric virus to the logo-
transformed slope of wild-type MJ4. (B) The RC of Gag-MJ4 chimeric viruses also
correlates to the VL near the estimated date of infection in chronically infected donors
(Spearman correlation, r = 0.18, p = 0.01). Trend lines were generated using linear

regression analysis, and are shown in order to facilitate visualization of correlations.
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Figure 3. Identification of polymorphisms in Gag that significantly affect
RC, several of which can be linked to HLA-class I alleles (A) In a pair-wise
analysis of all amino acids represented in the 149 gag sequences tested, we observed 49
amino acids at 31 unique positions that were statistically associated (p<0.05) with
changes in RC (open circles RC decreasing, filled circles RC increasing), 3 of which were
significant at (q<0.2) when adjusted for multiple comparisons (red for RC reducing and
green for RC increasing). The x-axis shows the polymorphism position in the primary
Gag sequence (HXB2 numbering), and the y-axis depicts the impact of the
polymorphism on RC relative to the median RC of all viruses (~1.5). (B) In a separate
study analyzing 1899 subtype C gag sequences from Zambia and South Africa, 199
residues were linked to HLA-I alleles (q< 0.2, Carlson, Schaefer et al., manuscript in
preparation). From this, a total of 7 polymorphisms associated with changes in RC (p<
0.05) were found to be adapted to specific HLA-I alleles, adapted (amino acid is present
when HLA-I allele is also present.) (* denotes q<0.2). (C) Six polymorphisms associated
with changes in RC (p<0.05) were found to be non-adapted (amino acid is present only

when HLA-I allele is absent) to specific HLA-I alleles (* denotes q<0.2).
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Figure 4. Rare polymorphisms have a significantly greater impact on RC (A)
In an exploratory analysis, rare fitness reducing polymorphisms, occurring in less than
10 out of 149 of the sequences tested, were found to decrease fitness to a significantly
greater degree than more common fitness decreasing mutations (Mann Whitney U test,
p = 0.002). The y-axis depicts the impact of the polymorphism on RC relative to the
median RC of all viruses (~1.5) (B) Rare fitness increasing polymorphisms, occurring in

less than 10 out of 149 of the sequences tested, were found to increase fitness to a



significantly greater degree than more common ones (Mann Whitney U test, p =

0.0002).
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Figure 5. The balance of fitness increasing and decreasing HLA-associated
polymorphisms strongly correlates with RC (A) The total number of HLA-
associated polymorphisms positively correlates with RC. HLA-associated polymorphisms
were defined as non-consensus residues at any amino acid position known to have
polymorphisms statistically linked to HLA-I alleles. (B) RC of Gag-MJ4 chimeras is
highly correlated to the summed polymorphism score in Gag. Each amino acid
polymorphism was given a score of 1 (fitness increasing) or -1 (fitness decreasing).
Summed polymorphism scores were generated by summing these scores for each Gag
protein. Trend lines were generated using linear regression analysis, and are shown in

order to facilitate visualization of correlations.
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Figure 6. The balance of HLA-associated fitness increasing and decreasing
mutations strongly correlates with set point viral load in newly infected

individuals (A) The number of HLA-associated amino acid polymorphisms within well-
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defined epitopes for each Gag protein negatively correlates with set point VL. (B) The
total number of HLA-associated polymorphisms (including those outside well-defined
CTL epitopes) in Gag does not correlate to set point VL in newly infected individuals. (C)
When the quality of HLA-associated polymorphisms is considered, a strong correlation
between the summed polymorphism score (as defined in Figure 5) and set point VL is
observed. Trend lines were generated using linear regression analysis, and are shown in

order to facilitate visualization of correlations.
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Figure 7. RC affects the rate of CD4 decline in a manner that may be
independent of viral load (A) In a subset of individuals for which longitudinal CD4+
counts were available for at least 1 year post infection (n=63), RC of Gag-MJ4 chimeras
negatively correlated with the average CD4+ counts of linked recipients within the first
year (Spearman rank correlation, r = -0.24, p = 0.02). (B) Kaplan-Meier plots in which
the endpoint was defined as the first CD4+ count below 350. Interval cut-off for
endpoint was set to 36 months. The difference in median time to endpoint between those
receiving viruses with RC<1 (n = 14) and RC>2 (n = 20) was 384 days (Log-rank test, p =
0.029). (C) Kaplan-Meier plots in which the endpoint was defined as the first CD4+
count below 300. Interval cut-off for endpoint was set to 36 months. The difference in
median time to endpoint between those receiving viruses with RC<1 (n = 14) and RC>2
(n = 20) was >800 days (Log-rank test, p = 0.014). (D) The difference in median VL

between RC groups RC<1, RC 1-2, and RC >2 were not significantly different (Mann



Whitney U test), consistent with the effect of RC on CD4 decline being independent of

VL.
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Figure S1. Donor and recipient population gag sequences cluster with one
another Gag population sequences from donors and linked recipients were amplified
and sequenced as described in the methods section. Nucleotide gag sequences were
aligned using the Gene Cutter tool accessible on the Los Alamos Nation Lab HIV
Sequence Database

(http://www.hiv.lanl.gov/content/sequence/GENE_CUTTER/cutter.html) and a

neighbor-joining tree was generated using the Geneious sequence analysis software
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v5.5.7 (Biomatters Ltd.). The radial tree was annotated using the Interactive Tree of Life
(iTOL) online tool for phylogenetic tree display and annotation (Letunic and Bork,
Bioinformatics, 2006). Blue denotes transmitting partners (donors) and green denotes
linked recipients. This tree demonstrates the high degree of similarity between donor
and linked recipient gag population sequences within epidemiologically linked

transmission pairs.
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Figure S2. Gag sequences that are less like the Gag subtype C consensus
sequence replicate more efficiently in vitro The Gag amino acid sequences of all
Gag-MJ4 chimeras were compared to a Zambian subtype C consensus Gag sequence
(generated using the LANL Consensus Maker tool;

http://www.hiv.lanl.gov/content/sequence/CONSENSUS/consensus.html) by building a

neighbor-joining tree using the Geneious sequence analysis software v5.5.7 (Biomatters
Ltd.) and the percent similarity to consensus was determined for each sequence.
Notably, viruses encoding Gag sequences most disparate from the subtype C consensus
Gag sequence replicated to higher levels, and we observed a statistically significant
negative correlation between RC and the percent similarity of Gag to consensus (Pearson

correlation, p = 0.002, r = -0.23).
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Table 1. Cohort statistics generated from the 149 transmission pairs selected

from the ZEHRP cohort.

Parameters Linked Seroconverter
(SO

Number of individuals 149

Number of Females (%) 77 (52%)

Age of SC at time of seroconversion 28 (24 — 35)°

Estimated days post infection 45.5 (41.5 — 50.5)°

Log.o Set-point VL of SC 4.39 (3.91 — 4.99)°

Logio VL of Donor Partner? 5.02 (4.51 — 5.45)°

CD4 cell count 1yr post SC¢ 383 (308 — 503)“

aMedian (Inter-Quartile Range)
bMeasured at or within one month of seroconversion of LR

¢ LR for whom we have longitudinal CD4+ T cell counts (n=63)



Table 2. Cox proportional hazard models demonstrate the independent

effects of RC and VL on CD4 decline

Risk of CD4 below Hazard

350 in first 3 years p Ratio® lower .95¢ | upper .954
RC>2a 0.034 2.62 1.077 6.374
Log10(SetPoint VL)? 0.04 1.75 1.014 3.004
RC>2 +

Log10(SetPointVL) 0.093 2.18 0.878 5.395
Risk of CD4 below Hazard

300 in first 3 years p Ratio® lower .95 | upper .954
RC>2a 0.021 3.80 1.226 11.801
Log10(SetPoint VL)? 0.023 2.09 1.105 3.94
RC>2 +
log10(SetPointVL) 0.051 3.12 0.995 9.751

@ as compared to RC<1

bModel in which log,, set point viral load in the linked recipient is taken into account

¢ The ratio of hazard rates between the variables RC>2 and RC<1

4The upper and lower bounds of confidence
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dian RC dian RC
Amino | Amino w/o w/o with Within
Codon | Acd Acid id! id id! idu pvalue | gvalue ARC” pitop: * pitope HLA Restriction”

31 L L 49 103 1.051613 1.694342 | 0.00001 | 0.00545 | 0.19326 YES A*2402; B*0801

31 1 L 119 33 1.606183 0.974471 | 0.00016 | 0.04360 | -0.52661 YES A*2402; B*0801

30 R M 130 22 1.442259 2.080627 0.00107 | 0.18394 | 0.57955 YES A*2402; B*0801

309 S A 126 26 1.572069 0.890472 0.00135 | 0.18394 | -0.61061 YES B*4402; B*5301; B*5701; Cw5S
28 R H 125 27 1.433357 1974499 0.00326 | 0.32077 | 0.47342 YES A*0301; A*2402; B*0801
309 A A 29 123 0.910234 1.567691 0.00397 | 0.32077 | 0.06661 YES B*4402; B*5301; B*5701; Cw5
370 A A 48 104 1.797895 1.380252 0.00412 | 0.32077 | -0.12083 YES B*4501

4 S R 145 3 1.484227 2.651962 0.00965 | 0.40790 | 1.15088 NO

4 R R 3 145 2.651962 1484227 0.01005 | 0.40790 | -0.01685 NO
451 N S 96 56 1.417936 1713877 | 0.01179 | 0.40790 | 0.21280 NO

111 S S 61 90 1.74016 1.383489 0.01199 | 0.40790 | -0.11759 NO
418 K K 22 130 2.0575 1.468355 0.01217 | 0.40790 | -0.03272 NO
373 A N 125 4 1534145 0.764576 | 0.01258 | 0.40790 | -0.73650 YES B*4501

146 S A 142 10 1.468355 2.255673 0.01380 | 0.40790 | 0.75460 YES A*2501; B*1510; B*5701
119 A E 145 4 1.472093 2.387669 0.01388 | 0.40790 | 0.88659 NO

121 A D 137 15 1.472093 2.244058 | 0.01418 | 0.40790 | 0.74298 NO

42 D E 145 7 1.534145 0.769036 0.01449 | 0.40790 | -0.73204 YES A*30; B*3501
451 S S 63 89 1.68293 1386771 0.01499 | 0.40790 | -0.11431 NO

69 Q Q 26 126 1.822397 1442259 0.01663 | 0.40790 | -0.05882 NO

12 E K 149 3 1.532977 0.750097 0.01901 | 0.40790 | -0.75098 YES B*4002
418 R K 136 16 1.47816 2.245238 0.01981 | 0.40790 | 0.74416 NO
319 E D 125 27 1.464616 1.735435 0.02014 | 0.40790 | 0.23436 NO
319 D D 27 125 1.735435 1.464616 0.02014 | 0.40790 | -0.03646 NO

A®0201; A*1101; A*2902;
A*3002; B*4403; B*S8; B*63;

85 L 4 148 2.364864 1.47816 0.02077 | 0.40790 | -0.02292 YES Cwia

111 C S 110 41 1.417936 1.819739 0.02115 | 0.40790 | 0.31866 NO

480 G D 145 3 1.49407 2.632309 0.02118 | 0.40790 | 1.13123 NO

62 K K 61 91 1.68293 1.386563 0.02145 | 0.40790 | -0.11451 NO

312 E D 79 73 1.588149 1451162 | 0.02178 | 0.40790 | -0.04992 YES B*4402; B*5301; B*5701; Cw5
312 D D 73 79 1.451162 1588149 | 0.02178 | 0.40790 | 0.08707 YES B*4402; B*5301; B*5701; Cw5
123 E G 133 13 1.535189 1.002543 0.02266 | 0.40790 | -0.49853 NO

495 N S 117 35 1.451162 1952761 0.02395 | 0.40790 | 0.45168 NO

495 S S 35 117 1.952761 1451162 0.02395 | 0.40790 | -0.04992 NO

228 L M 141 11 1.472093 2.273388 | 0.02650 | 0.43765 | 0.77231 YES B*13

103 K K 10 142 2.086015 1474422 | 0.03202 | 0.48755 | -0.02666 NO

371 S N 148 3 1.520532 0.778439 0.03300 | 0.48755 | -0.72264 YES B*4501

67 S A 145 7 1.472093 2.139988 0.03310 | 0.48755 | 0.63891 NO

67 A A 7 145 2.139988 1.472093 0.03310 | 0.48755 | -0.02898 NO

103 R K 143 9 1.484227 2.139988 | 0.03564 | 0.50140 | 0.63891 NO

373 Q N 124 5 147816 2.15603 0.03588 | 0.50140 | 0.65495 YES B*4501

42 E E 10 142 0.903087 1.534667 0.03691 | 0.50290 | 0.03359 YES A*30; B*3501

121 G D 135 17 1.538821 1.099119 0.03823 | 0.50552 | -0.40196 NO

A*3002; B*0801; B*4403;

76 K R 110 1.394643 1.714888 0.04012 | 0.50552 | 0.21381 YES B*58; B*63

28 T H 148 4 1.533561 0.716807 0.04064 | 0.50552 | -0.78427 YES A*0301; A*2402; B*0801
488 A S 141 11 1.472093 2.013763 0.04174 | 0.50552 | 0.51269 YES B*4001

488 S S 11 141 2.013763 1.472093 0.04174 | 0.50552 | -0.02898 YES B*4001

479 R K 128 22 1.459385 1.733306 0.04370 | 0.51775 | 0.23223 NO

31 M L 136 16 1.534083 1.109909 0.04710 | 0.54616 | -0.39117 YES A*2402; B*0801
256 v 1 99 53 1.454154 1.606183 0.04825 | 0.54784 | 0.10511 YES B*3501

374 v T 149 3 1.484227 2.642477 | 0.04981 | 0.55401 | 1.14140 YES B*4501

88

Table S1. Amino acids in Gag associated with changes in replicative capacity

This table lists all amino acids associated with changes in RC. Residues that remain

significantly associated with changes in RC after correction for multiple comparisons



89

(g<0.2) are depicted in green. A total of 152 sequences and RC values were available for
association analysis, with 149 of these with sufficient clinical follow-up for inclusion in
the broader study.

2 ARC is defined as median RC of all viruses tested (~1.5) subtracted from the median RC
of all viruses with the particular polymorphism.

bThe location of epitopes was defined by the compendium of “A-list” epitopes available
in the LANL Immunology Database (HIV Molecular Immunology 2009).

¢HLA class I alleles restricting epitopes harboring these polymorphisms that affect RC
were also defined base on the LANL Immunology Database compilation of “A-list”

epitopes.



90

REFERENCES CITED:

1. Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, et al. (2008)
Identification and characterization of transmitted and early founder virus
envelopes in primary HIV-1 infection. Proc Natl Acad Sci U S A 105: 7552-7557.

2. Haaland RE, Hawkins PA, Salazar-Gonzalez J, Johnson A, Tichacek A, et al. (2009)
Inflammatory genital infections mitigate a severe genetic bottleneck in
heterosexual transmission of subtype A and C HIV-1. PLoS Pathog 5: e1000274.

3. Derdeyn CA, Decker JM, Bibollet-Ruche F, Mokili JL, Muldoon M, et al. (2004)
Envelope-constrained neutralization-sensitive HIV-1 after heterosexual
transmission. Science 303: 2019-2022.

4. Fellay J, Shianna KV, Ge D, Colombo S, Ledergerber B, et al. (2007) A whole-genome
association study of major determinants for host control of HIV-1. Science 317:
944-947.

5. Kaslow RA, Carrington M, Apple R, Park L, Munoz A, et al. (1996) Influence of
combinations of human major histocompatibility complex genes on the course of
HIV-1infection. Nat Med 2: 405-411.

6. Kiepiela P, Leslie AJ, Honeyborne I, Ramduth D, Thobakgale C, et al. (2004)
Dominant influence of HLA-B in mediating the potential co-evolution of HIV and
HLA. Nature 432: 769-775.

7. Pereyra F, Jia X, McLaren PJ, Telenti A, de Bakker PI, et al. (2010) The major genetic

determinants of HIV-1 control affect HLA class I peptide presentation. Science

330: 1551-1557.



91

8. Tang J, Kaslow RA (2003) The impact of host genetics on HIV infection and disease
progression in the era of highly active antiretroviral therapy. AIDS 17 Suppl 4:
S51-60.

9. Tang J, Malhotra R, Song W, Brill I, Hu L, et al. (2010) Human leukocyte antigens and
HIV type 1 viral load in early and chronic infection: predominance of evolving
relationships. PLoS One 5: €9629.

10. Tang J, Tang S, Lobashevsky E, Myracle AD, Fideli U, et al. (2002) Favorable and
unfavorable HLA class I alleles and haplotypes in Zambians predominantly
infected with clade C human immunodeficiency virus type 1. J Virol 76: 8276-
8284.

11. Tang J, Tang S, Lobashevsky E, Zulu I, Aldrovandi G, et al. (2004) HLA allele sharing
and HIV type 1 viremia in seroconverting Zambians with known transmitting
partners. AIDS Res Hum Retroviruses 20: 19-25.

12. Hollingsworth TD, Laeyendecker O, Shirreff G, Donnelly CA, Serwadda D, et al.
(2010) HIV-1 transmitting couples have similar viral load set-points in Rakai,
Uganda. PLoS Pathog 6: e1000876.

13. Hecht FM, Hartogensis W, Bragg L, Bacchetti P, Atchison R, et al. (2010) HIV RNA
level in early infection is predicted by viral load in the transmission source. AIDS
24: 941-945.

14. Rong R, Li B, Lynch RM, Haaland RE, Murphy MK, et al. (2009) Escape from
autologous neutralizing antibodies in acute/early subtype C HIV-1 infection
requires multiple pathways. PLoS Pathog 5: €e1000594.

15. Borrow P, Lewicki H, Wei X, Horwitz MS, Peffer N, et al. (1997) Antiviral pressure
exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs) during primary
infection demonstrated by rapid selection of CTL escape virus. Nat Med 3: 205-

211.



92

16. Goulder PJ, Phillips RE, Colbert RA, McAdam S, Ogg G, et al. (1997) Late escape
from an immunodominant cytotoxic T-lymphocyte response associated with
progression to AIDS. Nat Med 3: 212-217.

17. Leslie AJ, Pfafferott KJ, Chetty P, Draenert R, Addo MM, et al. (2004) HIV evolution:
CTL escape mutation and reversion after transmission. Nat Med 10: 282-289.

18. Phillips RE, Rowland-Jones S, Nixon DF, Gotch FM, Edwards JP, et al. (1991)
Human immunodeficiency virus genetic variation that can escape cytotoxic T cell
recognition. Nature 354: 453-459.

19. Price DA, Goulder PJ, Klenerman P, Sewell AK, Easterbrook PJ, et al. (1997) Positive
selection of HIV-1 cytotoxic T lymphocyte escape variants during primary
infection. Proc Natl Acad Sci U S A 94: 1890-1895.

20. Jones NA, Wei X, Flower DR, Wong M, Michor F, et al. (2004) Determinants of
human immunodeficiency virus type 1 escape from the primary CD8+ cytotoxic T
lymphocyte response. J Exp Med 200: 1243-1256.

21. Goulder PJ, Watkins DI (2004) HIV and SIV CTL escape: implications for vaccine
design. Nat Rev Immunol 4: 630-640.

22. Kawashima Y, Pfafferott K, Frater J, Matthews P, Payne R, et al. (2009) Adaptation
of HIV-1 to human leukocyte antigen class I. Nature 458: 641-645.

23. Allen TM, Altfeld M, Yu XG, O'Sullivan KM, Lichterfeld M, et al. (2004) Selection,
transmission, and reversion of an antigen-processing cytotoxic T-lymphocyte
escape mutation in human immunodeficiency virus type 1 infection. J Virol 78:
7069-7078.

24. Chopera DR, Woodman Z, Mlisana K, Mlotshwa M, Martin DP, et al. (2008)
Transmission of HIV-1 CTL escape variants provides HLA-mismatched recipients

with a survival advantage. PLoS Pathog 4: €1000033.



93

25. Friedrich TC, Dodds EJ, Yant LJ, Vojnov L, Rudersdorf R, et al. (2004) Reversion of
CTL escape-variant immunodeficiency viruses in vivo. Nat Med 10: 275-281.

26. Li B, Gladden AD, Altfeld M, Kaldor JM, Cooper DA, et al. (2007) Rapid reversion of
sequence polymorphisms dominates early human immunodeficiency virus type 1
evolution. J Virol 81: 193-201.

27. Matthews PC, Prendergast A, Leslie A, Crawford H, Payne R, et al. (2008) Central
role of reverting mutations in HLA associations with human immunodeficiency
virus set point. J Virol 82: 8548-8559.

28. Rousseau CM, Daniels MG, Carlson JM, Kadie C, Crawford H, et al. (2008) HLA
class I-driven evolution of human immunodeficiency virus type 1 subtype ¢
proteome: immune escape and viral load. J Virol 82: 6434-6446.

29. Schneidewind A, Brockman MA, Sidney J, Wang YE, Chen H, et al. (2008) Structural
and functional constraints limit options for cytotoxic T-lymphocyte escape in the
immunodominant HLA-B27-restricted epitope in human immunodeficiency
virus type 1 capsid. J Virol 82: 5594-5605.

30. Dahirel V, Shekhar K, Pereyra F, Miura T, Artyomov M, et al. (2011) Coordinate
linkage of HIV evolution reveals regions of immunological vulnerability. Proc
Natl Acad Sci U S A 108: 11530-11535.

31. Boutwell CL, Rowley CF, Essex M (2009) Reduced viral replication capacity of
human immunodeficiency virus type 1 subtype C caused by cytotoxic-T-
lymphocyte escape mutations in HLA-B57 epitopes of capsid protein. J Virol 83:
2460-2468.

32. Brockman MA, Schneidewind A, Lahaie M, Schmidt A, Miura T, et al. (2007) Escape
and compensation from early HLA-B57-mediated cytotoxic T-lymphocyte
pressure on human immunodeficiency virus type 1 Gag alter capsid interactions

with cyclophilin A. J Virol 81: 12608-12618.



94

33. Crawford H, Prado JG, Leslie A, Hue S, Honeyborne I, et al. (2007) Compensatory
mutation partially restores fitness and delays reversion of escape mutation within
the immunodominant HLA-B*5703-restricted Gag epitope in chronic human
immunodeficiency virus type 1 infection. J Virol 81: 8346-8351.

34. Martinez-Picado J, Prado JG, Fry EE, Pfafferott K, Leslie A, et al. (2006) Fitness cost
of escape mutations in p24 Gag in association with control of human
immunodeficiency virus type 1. J Virol 80: 3617-3623.

35. Schneidewind A, Brockman MA, Yang R, Adam RI, Li B, et al. (2007) Escape from
the dominant HLA-B27-restricted cytotoxic T-lymphocyte response in Gag is
associated with a dramatic reduction in human immunodeficiency virus type 1
replication. J Virol 81: 12382-12393.

36. Wright JK, Naidoo VL, Brumme ZL, Prince JL, Claiborne DT, et al. (2012) Impact of
HLA-B*81-associated mutations in HIV-1 Gag on viral replication capacity. J
Virol 86: 3193-3199.

37. Mothe B, Llano A, Ibarrondo J, Daniels M, Miranda C, et al. (2011) Definition of the
viral targets of protective HIV-1-specific T cell responses. J Transl Med 9: 208.

38. Rolland M, Heckerman D, Deng W, Rousseau CM, Coovadia H, et al. (2008) Broad
and Gag-biased HIV-1 epitope repertoires are associated with lower viral loads.
PLoS One 3: e1424.

39. Wang YE, Li B, Carlson JM, Streeck H, Gladden AD, et al. (2009) Protective HLA
class I alleles that restrict acute-phase CD8+ T-cell responses are associated with
viral escape mutations located in highly conserved regions of human
immunodeficiency virus type 1. J Virol 83: 1845-1855.

40. Wagner R, Leschonsky B, Harrer E, Paulus C, Weber C, et al. (1999) Molecular and

functional analysis of a conserved CTL epitope in HIV-1 p24 recognized from a



95

long-term nonprogressor: constraints on immune escape associated with
targeting a sequence essential for viral replication. J Immunol 162: 3727-3734.

41. Peyerl FW, Barouch DH, Letvin NL (2004) Structural constraints on viral escape
from HIV- and SIV-specific cytotoxic T-lymphocytes. Viral Immunol 17: 144-151.

42. Crawford H, Lumm W, Leslie A, Schaefer M, Boeras D, et al. (2009) Evolution of
HLA-B*5703 HIV-1 escape mutations in HLA-B*5703-positive individuals and
their transmission recipients. J Exp Med 206: 909-921.

43. Brockman MA, Brumme ZL, Brumme CJ, Miura T, Sela J, et al. (2010) Early
selection in Gag by protective HLA alleles contributes to reduced HIV-1
replication capacity that may be largely compensated for in chronic infection. J
Virol 84: 11937-11949.

44. Carlson JM, Brumme ZL, Rousseau CM, Brumme CJ, Matthews P, et al. (2008)
Phylogenetic dependency networks: inferring patterns of CTL escape and codon
covariation in HIV-1 Gag. PLoS Comput Biol 4: e1000225.

45. Chopera DR, Mlotshwa M, Woodman Z, Mlisana K, de Assis Rosa D, et al. (2011)
Virological and immunological factors associated with HIV-1 differential disease
progression in HLA-B 58:01-positive individuals. J Virol 85: 7070-7080.

46. Crawford H, Matthews PC, Schaefer M, Carlson JM, Leslie A, et al. (2011) The
hypervariable HIV-1 capsid protein residues comprise HLA-driven CD8+ T-cell
escape mutations and covarying HLA-independent polymorphisms. J Virol 85:
1384-1390.

47. Huang KH, Goedhals D, Carlson JM, Brockman MA, Mishra S, et al. (2011)
Progression to AIDS in South Africa is associated with both reverting and

compensatory viral mutations. PLoS One 6: €19018.



96

48. Rolland M, Carlson JM, Manocheewa S, Swain JV, Lanxon-Cookson E, et al. (2010)
Amino-acid co-variation in HIV-1 Gag subtype C: HLA-mediated selection
pressure and compensatory dynamics. PLoS One 5.

49. Schneidewind A, Brumme ZL, Brumme CJ, Power KA, Reyor LL, et al. (2009)
Transmission and long-term stability of compensated CD8 escape mutations. J
Virol 83: 3993-3997.

50. Goepfert PA, Lumm W, Farmer P, Matthews P, Prendergast A, et al. (2008)
Transmission of HIV-1 Gag immune escape mutations is associated with reduced
viral load in linked recipients. J Exp Med 205: 1009-1017.

51. Miura T, Brumme ZL, Brockman MA, Rosato P, Sela J, et al. (2010) Impaired
replication capacity of acute/early viruses in persons who become HIV
controllers. J Virol 84: 7581-7591.

52. Miura T, Brockman MA, Schneidewind A, Lobritz M, Pereyra F, et al. (2009) HLA-
B57/B*5801 human immunodeficiency virus type 1 elite controllers select for rare
gag variants associated with reduced viral replication capacity and strong
cytotoxic T-lymphocyte [corrected] recognition. J Virol 83: 2743-2755.

53. Miura T, Brockman MA, Brumme ZL, Brumme CJ, Pereyra F, et al. (2009) HLA-
associated alterations in replication capacity of chimeric NL4-3 viruses carrying
gag-protease from elite controllers of human immunodeficiency virus type 1. J
Virol 83: 140-149.

54. Wright JK, Novitsky V, Brockman MA, Brumme ZL, Brumme CJ, et al. (2011)
Influence of Gag-protease-mediated replication capacity on disease progression
in individuals recently infected with HIV-1 subtype C. J Virol 85: 3996-4006.

55. Wright JK, Brumme ZL, Carlson JM, Heckerman D, Kadie CM, et al. (2010) Gag-
protease-mediated replication capacity in HIV-1 subtype C chronic infection:

associations with HLA type and clinical parameters. J Virol 84: 10820-10831.



97

56. Ndung'u T, Renjifo B, Essex M (2001) Construction and analysis of an infectious
human Immunodeficiency virus type 1 subtype C molecular clone. J Virol 75:
4964-4972.

57. Allen S, Karita E, Chomba E, Roth DL, Telfair J, et al. (2007) Promotion of couples'
voluntary counselling and testing for HIV through influential networks in two
African capital cities. BMC Public Health 7: 349.

58. Kempf MC, Allen S, Zulu I, Kancheya N, Stephenson R, et al. (2008) Enrollment and
retention of HIV discordant couples in Lusaka, Zambia. J Acquir Immune Defic
Syndr 47: 116-125.

59. McKenna SL, Muyinda GK, Roth D, Mwali M, Ng'andu N, et al. (1997) Rapid HIV
testing and counseling for voluntary testing centers in Africa. AIDS 11 Suppl 1:
S103-110.

60. Trask SA, Derdeyn CA, Fideli U, Chen Y, Meleth S, et al. (2002) Molecular
epidemiology of human immunodeficiency virus type 1 transmission in a
heterosexual cohort of discordant couples in Zambia. J Virol 76: 397-405.

61. Bhakta SJ, Shang L, Prince JL, Claiborne DT, Hunter E (2011) Mutagenesis of
tyrosine and di-leucine motifs in the HIV-1 envelope cytoplasmic domain results
in a loss of Env-mediated fusion and infectivity. Retrovirology 8: 37.

62. Brockman MA, Tanzi GO, Walker BD, Allen TM (2006) Use of a novel GFP reporter
cell line to examine replication capacity of CXCR4- and CCR5-tropic HIV-1 by
flow cytometry. J Virol Methods 131: 134-142.

63. Ostrowski MA, Chun TW, Cheseboro B, Stanley SK, Tremblay M (2006) Detection
assays for HIV proteins. Curr Protoc Immunol Chapter 12: Unit 12 15.

64. Carlson JM, Listgarten J, Pfeifer N, Tan V, Kadie C, et al. (2012) Widespread impact

of HLA restriction on immune control and escape pathways of HIV-1. J Virol 86:

5230-5243.



98

65. Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies. Proc
Natl Acad Sci U S A 100: 9440-9445.

66. Fideli US, Allen SA, Musonda R, Trask S, Hahn BH, et al. (2001) Virologic and
immunologic determinants of heterosexual transmission of human
immunodeficiency virus type 1 in Africa. AIDS Res Hum Retroviruses 17: 901-
910.

67. Saag MS, Holodniy M, Kuritzkes DR, O'Brien WA, Coombs R, et al. (1996) HIV viral
load markers in clinical practice. Nat Med 2: 625-629.

68. Mellors JW, Rinaldo CR, Jr., Gupta P, White RM, Todd JA, et al. (1996) Prognosis in
HIV-1 infection predicted by the quantity of virus in plasma. Science 272: 1167-
1170.

69. Rodriguez B, Sethi AK, Cheruvu VK, Mackay W, Bosch RJ, et al. (2006) Predictive
value of plasma HIV RNA level on rate of CD4 T-cell decline in untreated HIV
infection. JAMA 296: 1498-1506.

70. Fahey JL, Taylor JM, Detels R, Hofmann B, Melmed R, et al. (1990) The prognostic
value of cellular and serologic markers in infection with human
immunodeficiency virus type 1. N Engl J Med 322: 166-172.

71. Crowley S, Rollins N, Shaffer N, Guerma T, Vitoria M, et al. (2010) New WHO HIV
treatment and prevention guidelines. Lancet 375: 874-875.

72. Freed EO, Orenstein JM, Buckler-White AJ, Martin MA (1994) Single amino acid
changes in the human immunodeficiency virus type 1 matrix protein block virus
particle production. J Virol 68: 5311-5320.

73. Spearman P, Horton R, Ratner L, Kuli-Zade I (1997) Membrane binding of human
immunodeficiency virus type 1 matrix protein in vivo supports a conformational

myristyl switch mechanism. J Virol 71: 6582-6592.



99

74. Ganser-Pornillos BK, von Schwedler UK, Stray KM, Aiken C, Sundquist WI (2004)
Assembly properties of the human immunodeficiency virus type 1 CA protein. J
Virol 78: 2545-2552.

75. Weiss ER, Gottlinger H (2011) The role of cellular factors in promoting HIV budding.
J Mol Biol 410: 525-533.

76. Gottlinger HG, Dorfman T, Sodroski JG, Haseltine WA (1991) Effect of mutations
affecting the p6 gag protein on human immunodeficiency virus particle release.
Proc Natl Acad Sci U S A 88: 3195-3199.

77.von Schwedler UK, Stemmler TL, Klishko VY, Li S, Albertine KH, et al. (1998)
Proteolytic refolding of the HIV-1 capsid protein amino-terminus facilitates viral
core assembly. EMBO J 17: 1555-1568.

78. Forshey BM, von Schwedler U, Sundquist WI, Aiken C (2002) Formation of a human
immunodeficiency virus type 1 core of optimal stability is crucial for viral
replication. J Virol 76: 5667-5677.

79. Dorfman T, Mammano F, Haseltine WA, Gottlinger HG (1994) Role of the matrix
protein in the virion association of the human immunodeficiency virus type 1
envelope glycoprotein. J Virol 68: 1689-1696.

80. Freed EO, Martin MA (1996) Domains of the human immunodeficiency virus type 1
matrix and gp41 cytoplasmic tail required for envelope incorporation into virions.
J Virol 70: 341-351.

81. Krausslich HG, Facke M, Heuser AM, Konvalinka J, Zentgraf H (1995) The spacer
peptide between human immunodeficiency virus capsid and nucleocapsid
proteins is essential for ordered assembly and viral infectivity. J Virol 69: 3407-

3419.



82.

83.

84.

85.

86.

87.

88.

89.

100

Wright ER, Schooler JB, Ding HJ, Kieffer C, Fillmore C, et al. (2007) Electron
cryotomography of immature HIV-1 virions reveals the structure of the CA and
SP1 Gag shells. EMBO J 26: 2218-2226.

Li F, Goila-Gaur R, Salzwedel K, Kilgore NR, Reddick M, et al. (2003) PA-457: a
potent HIV inhibitor that disrupts core condensation by targeting a late step in
Gag processing. Proc Natl Acad Sci U S A 100: 13555-13560.

Lu W, Salzwedel K, Wang D, Chakravarty S, Freed EO, et al. (2011) A single
polymorphism in HIV-1 subtype C SP1 is sufficient to confer natural resistance to
the maturation inhibitor bevirimat. Antimicrob Agents Chemother 55: 3324-
3329.

Lazaryan A, Song W, Lobashevsky E, Tang J, Shrestha S, et al. (2011) The influence
of human leukocyte antigen class I alleles and their population frequencies on
human immunodeficiency virus type 1 control among African Americans. Hum
Immunol 72: 312-318.

Matthews PC, Adland E, Listgarten J, Leslie A, Mkhwanazi N, et al. (2011) HLA-
A*7401-mediated control of HIV viremia is independent of its linkage
disequilibrium with HLA-B*5703. J Immunol 186: 5675-5686.

Fledderman EL, Fujii K, Ghanam RH, Waki K, Prevelige PE, et al. (2010) Myristate
exposure in the human immunodeficiency virus type 1 matrix protein is
modulated by pH. Biochemistry 49: 9551-9562.

Zhou W, Parent LJ, Wills JW, Resh MD (1994) Identification of a membrane-binding
domain within the amino-terminal region of human immunodeficiency virus type
1 Gag protein which interacts with acidic phospholipids. J Virol 68: 2556-2569.

Navis M, Matas DE, Rachinger A, Koning FA, van Swieten P, et al. (2008) Molecular
evolution of human immunodeficiency virus type 1 upon transmission between

human leukocyte antigen disparate donor-recipient pairs. PLoS One 3: e2422.



101

90. Poon A, Chao L (2005) The rate of compensatory mutation in the DNA
bacteriophage phiX174. Genetics 170: 989-999.

91. Hunt PW, Martin JN, Sinclair E, Bredt B, Hagos E, et al. (2003) T cell activation is
associated with lower CD4+ T cell gains in human immunodeficiency virus-
infected patients with sustained viral suppression during antiretroviral therapy. J

Infect Dis 187: 1534-1543.



102

Chapter 3

Replicative capacity of HIV-1 drives early inflammation, T cell activation,
and infection of central memory CD4+ T cells
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Abstract

The degree to which transmitted viral characteristics influence early and late stage
pathogenesis in HIV-1 infection in the context of a vigorous cellular immune response,
and the mechanisms by which this may occur, remain poorly defined. Previously, we
showed that viral replicative capacity (vVRC), as defined by the gag gene, influences set
point viral load (SPVL) and CD4+ T cell decline in seroconvertors. Here, we show that
the association of vVRC with CD4+ T cell decline is independent of SPVL, and that vRC
drives an early inflammatory cytokine response that is associated with increased T cell
activation, exhaustion, and proliferation, all strong predictors of HIV-1 disease
progression in this cohort. Furthermore, vRC is positively linked to the magnitude of
viral burden in naive and central memory CD4+ T cells during early infection. Taken
together, these results support an unprecedented role for vRC, a transmitted viral

characteristic, in driving many facets of HIV-1 immunopathology.



104

Introduction

From the start of the epidemic, HIV-1 infection has been characterized by a
steady decline in CD4+ T cells resulting in a state of overt immunodeficiency marked by
an increased susceptibility to opportunistic infections and malignancies [1,2]. Yet,
despite the fact that a majority of HIV-1 infected individuals eventually progress to AIDS,
they do so at varying rates [3]. To date, research has focused on identifying host factors
that contribute to viral load and disease progression [4]. Although the results of such
studies have highlighted the importance of several HLA-class I alleles, it has been
estimated that host genetic factors explain merely 22% of the variability in viral load [5].

Viral characteristics, which have been relatively understudied, might further
explain variations in disease severity. In support of this, viral loads in epidemiologically
linked transmission pairs were found to be correlated between chronically infected
donors and acutely infected recipients, implying that transmitted viral characteristics
can impact viral control in individuals with disparate immunogenetic backgrounds [6-8].
This is supported by our observation that the number of transmitted cytotoxic T
Ilymphocyte (CTL) induced escape mutations in the structural protein precursor, Gag,
but not the accessory protein, Nef, correlated with a reduction in early set point viral
load (SPVL), consistent with escape mutations within Gag attenuating viral replication
and thereby impacting viral control [9].

In an initial study, we showed that in individuals recently infected with HIV-1
subtype C, low viral replicative capacity (vVRC), defined in vitro by the transmitted Gag
sequence in chimeric viruses, was associated with a delayed loss of CD4+ T cells. Because
this effect appeared to be partially independent of SPVL, we hypothesized that high
levels of replication of the transmitted virus might initiate irreversible pathogenic events

early in infection that dictate the kinetics of subsequent disease progression, before host
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factors can significantly control virus replication [10]. Here, in a study of 127 acutely
HIV-1 infected individuals, we test this hypothesis and show that infection by high vRC
HIV-1, as defined by Gag, is associated with increased levels of inflammatory cytokines,
greater cellular immune activation and exhaustion, and higher levels of proviral burden
in memory T cell subsets at early times after infection. Thus, the replicative capacity
conferred by the gag gene of transmitted HIV-1 is a critical factor in defining the initial
inflammatory state, the preservation or loss of CD4+ T cell homeostasis, and the
trajectory of disease progression. Interventions including early antiretroviral therapy or
vaccine-induced immunity that impact these early events may have a significant effect on

the development of clinical disease.
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Results

Viral characteristics determine HIV-1 pathogenesis

Previous work by our group and others has shown that transmitted viral
characteristics significantly correlate with early SPVL as well as CD4+ T cell decline up to
three years post infection (10). Here, we sought to determine if the vRC of HIV-1,
conferred by the gag gene alone, durably affects the trajectory of CD4+ T cell decline
even in the chronic stages of infection, and if this effect might be independent of vRC’s
established association with SPVL.

To assess the replicative capacity conferred by the transmitted gag sequence, we
amplified the gag gene from plasma virus during the acute infection time point (median
45 days post estimated date of infection), generated replication competent virus by
cloning the gag gene into a common proviral backbone, and assessed vRC in an in vitro
cell culture assay as described previously [10]. In this cohort of 127 acutely infected
individuals from Zambia, low viral RC significantly delayed the time to CD4+ T cell
counts <300 for up to 5 years post infection (Figure 1A). The clearest benefit is
observed with the lowest vRC tercile compared to the middle and highest tercile. A clear
benefit remained even down to CD4 counts of <200, the clinical definition of AIDS,
when individuals infected with intermediate and highly replicating viruses were
combined into one group (Figure 1B).

We have previously shown an association between early SPVL and vRC [10].
Thus, we sought to more definitively determine if the replication capacity defined by the
gag gene affected CD4 decline in a manner linked to, or independent of, the well-
documented effect of early SPVL on subsequent disease progression. In this cohort, we

found SPVLs >105 RNA copies/ml to be highly hazardous (Supplemental Figure 1A);
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however, vRC significantly dichotomized the trajectory of CD4 decline (p<0.0001) in
individuals with SPVLs <105 (Figure 1C), a majority of the cohort. This suggested
independent, but additive effects, of both vRC and early SPVL on HIV disease
progression. This is confirmed in a multivariable Cox proportional hazards model
assessing the relative risk of vRC in the context of other well-established predictors of
HIV disease progression. We find that low vRC, early SPVL, and canonical protective
HLA class I alleles (B*57, B¥5801) were each independent predictors of CD4 decline
(Supplemental Table 1). Moreover, vRC significantly dichotomizes disease
trajectories of those with (and without) these protective HLA alleles (Figure 1D). Taken
together, these data firmly establish vRC as a distinct contributor to HIV disease
progression, and suggests that it may modulate events very early after infection that set
the trajectory of disease. In order to test this hypothesis, we aimed to determine early
levels of circulating inflammatory cytokines, immune activation and exhaustion in T cell

compartments, as well as viral burden in memory CD4+ T cells.

Viral RC alters early inflammatory cytokine profiles

Acute HIV infection is characterized by a rapid and robust expression of type I
interferons (IFN-I), IFN-I stimulated genes, and inflammatory cytokines [11].
Gut disruption and subsequent microbial translocation has also been shown to
contribute significantly to this inflammatory state, possibly through a positive feedback
loop [12]. This inflammatory response, particularly in chronic infection, contributes to
disease progression [13-16]. Therefore, we analyzed the levels of 16 inflammatory
cytokines, chemokines, and markers of gut damage and microbial translocation at or
before seroconversion to assess the effect of vRC on the early inflammatory milieu (n =

33; previously dichotomized into low and high RC phenotypes (10)). We found that vRC
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was positively correlated with a number of inflammatory cytokines (Supplemental
Table 2), most notably IL-6 and IL-1B, two inflammatory cytokines previously
implicated in driving aberrant CD4+ T cell turnover and impairing homeostatic
proliferation [17].

In an effort to define distinct inflammatory “profiles”, we employed an
unsupervised data reduction tool, Principal Component Analysis (PCA), which groups
linear variables into combinations, principal components (PCs) (Figure 2A). Strikingly,
principal component 1 (PC1), which describes the greatest variation in the data set,
significantly correlates with viral RC, in that individuals with positive loadings for PC1
(elevated levels of inflammation) tend to have higher vRC, while those with negative
loadings are significantly enriched for poorly replicating viruses (Supplemental
Figure 2). Moreover, principal component 2 (PC2), which by definition is unrelated to
PC1, describes the second greatest variation in the data and is significantly correlated
with SPVL (Supplemental Figure 2). This further highlights the independence of
initial viral replication and subsequent adaptive immune control of VL set point.

Though this analysis is unsupervised, the first six principal components
significantly describe biological phenotypes (such as gender, protective HLA alleles, and
age) known to influence HIV pathogenesis (data not shown). The inflammatory
cytokines that contribute to latent variables 1 and 2 are depicted in Figure 2B. Thus
viruses with high vRC are correlated with a distinct inflammatory cytokine profile
characterized by a heightened interferon response and elevated levels of key

inflammatory cytokines such as IL-6 and IL-1B.

Replicative capacity is associated with levels of CD8+T cell activation and exhaustion

Chronic immune activation is a hallmark of HIV-1 infection; it often persists
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following ART and is a more reliable predictor of disease progression than viral load [18-
22]. Therefore, we assessed the impact of vRC on levels of cellular immune activation by
measuring the co-expression of CD38 and HLA-DR on CD8+ T cells isolated within three
months post-infection for a subset of individuals under study (n=36). We found that vRC
is positively correlated with the expression of CD38 and HLA-DR on CD8+ T cells
(Figure 3A). Consistent with previous studies [18,20,22], we observe that higher CD8+
T cell activation in this cohort is associated with faster CD4+ T cell decline and that this
increased risk is independent of SPVL (Supplementary Figure 3A), thus positioning
T cell activation as a likely mechanistic link between vRC and subsequent CD4+ T cell
decline.

In addition to cellular immune activation, CD8+ T cell exhaustion is
characteristic of pathogenic HIV/SIV infection. Exhaustion of CD8+ T cells is marked by
the increased expression of the inhibitory receptor Programmed Death 1 (PD-1), and
levels of PD-1 expression predict the rate of disease progression [23,24]. PD-1 CD8+ T
cells are typically CD579%[23,24] while, in contrast, Petrovas et al. showed that PD-
1owvCD57hish CD8+T cells are more resistant to apoptosis [25]. We find that a greater
percentage of CD8+ T cells isolated from individuals infected with low RC viruses
displayed high levels of CD57 while maintaining low levels of PD-1 (Figure 3B) relative
to individuals infected by high RC viruses. In CD8+ T cells, markers of exhaustion are
often associated with impaired cytotoxic function [26]. Indeed, dual expression of
granzyme B and perforin was positively correlated with the frequency of PD-1-CD57*
CD8+ T cells (Figure 3C) and was inversely correlated with vRC (Figure 3D).
Consequently, CD57 expression is protective in terms of CD4+ T cell decline while PD-1
expression is associated with faster disease progression in this cohort (Supplementary
Figure 3B and 3C). Taken together, these data suggest that individuals infected with

attenuated viruses mount a more functional and less exhausted CTL response early in
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infection that may be more effective in controlling viral replication, thus, providing an

extended clinical benefit for the individual.

Replicative capacity predicts levels of CD4+ T cell activation, proliferation, and

exhaustion

Immune activation in HIV-1 infection is associated with global immunological
dysfunction, characterized by increased cellular-turnover, and ultimately the disruption
of critical CD4+ T cell homeostasis, indicative of progressive disease [27-29]. The
percentage of CD4+ T cells expressing CD38/HLA-DR and Ki67 were measured in
PBMCs isolated less than 3-months post infection for a subset of individuals (n=19; see
methods for sample selection). Expression of these markers was assessed on total CD4+
T cells as well as in the context of different CD4+ T cell subsets: naive (Tx, CD27+,
CD45RO0O-, CCR7+), central memory (Tcm, CD27+/-, CD45R0+, CCR7+), and effector
memory (Tem, CD27 +/-, CD45RO+, CCR7-).

High vRC was associated with increased expression of CD38 and HLA-DR on
total (Supplementary Figure 4A, P = 0.02) and Tem (Figure 4A, P = 0.02) CD4+ T
cells, however this association was most pronounced in the Tcm (Figure 4B, P = 0.006)
compartment. Consistent with previous reports [18,20], high levels of CD4+ T cell
activation (CD38+/HLA-DR+) are also associated with faster CD4+ T cell decline
(Figure 4C). Furthermore, individuals infected with high RC viruses exhibited
significantly greater levels of CD4+ T cell proliferation as measured by Ki67 expression.
This association was most striking in the effector memory T cell subset (Figure 4D, P =
0.003), but was also significant for total (Supplementary figure 4B, P = 0.006) and
central memory CD4 T cells (Figure 4E, P = 0.008). Increased CD4+ T cell turnover,

demonstrated by elevated expression of Ki-67 on CD4+ T cell subsets was also associated



111

with faster CD4+T cell decline, as has been reported previously [28,30]. (Figure 4F).
Furthermore, individuals infected with poorly replicating viruses displayed expression
levels of CD38/HLA-DR and Ki67 on their CD4+ T cells, which, although somewhat
elevated, for the most part did not differ significantly when compared to HIV-uninfected
Zambians (Figure 4 A-D), suggesting that shortly after transmission, individuals
infected with viruses exhibiting low vRC preserve an immune system akin to that of a

healthy individual.

Early inflammatory cytokine profiles associated with vRC are linked to activated T cell

phenotype

To determine whether changes in T cell activation are associated with the distinct
inflammatory cytokine profiles associated with vRC, we compared individuals with
positive (increased inflammatory cytokine levels) and negative loadings for Principal
Component 1 (PC1; shown in Figure 2). Individuals with positive loadings presented
with significantly increased CD8+ T cell activation (Figure 5A) and exhaustion (Figure
5B and 5C). Positive loadings were further associated with increased frequency of
PD1*CD4+ Tcm cells, as well as higher levels of CD4+ Tewm cell proliferation, as measured
by Ki67 expression (Figure 5D). Thus, higher levels of inflammatory cytokines are
closely linked to the activated, exhausted T cell phenotype observed in individuals

infected with high vRC viruses.

High vRC is associated with increased viral burden in CD4+ T cell subsets

Establishment of the latent HIV reservoir occurs early during acute infection and

sets the stage for viral persistence [31-34]. Thus, even in the context of suppressive
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antiretroviral therapy, HIV-1 cannot be fully eradicated. To determine if the replicative
capacity of the transmitted virus influences the proviral DNA burden during early
infection, levels of cell-associated viral DNA were measured in naive, central memory,
and effector memory CD4+ T cell subsets sorted from PBMCs isolated 3 months post-
infection. We observed that high vRC was associated with a significant increase in the
amount of cell-associated viral DNA in both Tcm (P = 0.01) and Tx (P = 0.001) CD4+
subsets (Figure 6A). Because high vRC was associated with increased levels of immune
activation and proliferation, we determined if there was a direct association between
these markers and the magnitude of viral burden in Tcu, a key population in CD4+ T cell
homeostasis. We find that HIV-1 DNA in Tcwu positively correlates with expression of
CD38+/HLA-DR+ on Trm (Figure 6B, P<0.0001) and, to a lesser extent, on Tey (R2=
0.3, P = 0.01, data not shown). Similarly, HIV-1 DNA in Tcm was positively correlated
with Ki67 expression on CD4+ Tgum cells (Figure 6C), indicating that greater infection of
CD4+ Tcm may lead to higher activation and proliferation of the CD4+ Tgm population.
Moreover, higher levels of cell associated HIV DNA in central memory CD4+ T cells was

associated with an accelerated loss of CD4+ T cell counts <300 (Figure 6D).
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Discussion

Untreated HIV-1 infection is characterized by a progressive depletion of CD4+ T
cells and development of a fatal state of immunodeficiency, a disease course with kinetics
that vary among individuals and between different HIV-1 subtypes [3,35]. Although
numerous studies have implicated host immunogenetic factors in governing the tempo of
disease progression [36], viral characteristics have received less scrutiny. Recent studies
have implicated transmitted viral characteristics in explaining the heritability of HIV-1
pathogenesis [5]. In support of this, we previously showed that the replicative capacity of
the transmitted virus, as conferred by the transmitted gag sequence, is correlated both
with chronic donor viral loads near the time of transmission and with SPVL in recently
infected recipients, establishing vRC as a heritable viral trait impacting HIV-1 disease
[10].

Here we have highlighted an integral role for replicative capacity of transmitted
virus, as defined by Gag, in driving multiple facets of HIV-1 immunopathology. In a
cohort of Zambian seroconvertors acutely infected with HIV-1 subtype C we demonstrate
that vRC is (I) an independent contributor to CD4+ T cell decline outside of host
immunogenetic factors that dictate SPVL, (IT) linked to an inflammatory state early in
infection that is characterized by elevated levels of key inflammatory cytokines known to
drive pathogenesis, (III) linked to aberrant CD8+ and CD4+ T cell phenotypes
characterized by increased levels of cellular activation, exhaustion, and proliferation, all
of which correlated with CD4+ T cell decline within this cohort and (IV) associated with
increased viral burden in naive CD4+ T cells and CD4+ Tcwm, the latter being integral in
establishing the latent viral reservoir [32] and preferentially spared in non-pathogenic
SIV infection of natural hosts [37]. Taken together, these results support an

unprecedented role for transmitted viral characteristics, specifically viral replicative
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capacity, in determining the early inflammatory state of HIV-1 infected individuals and
their subsequent disease trajectory.

Previous studies show that the level of immune activation is established very
early after infection and varies greatly between individuals, but remains quite stable over
time [18]. Furthermore, immune activation predicts disease progression even when viral
loads are suppressed either immunologically or by ART [18,20-22]. For the first time, we
demonstrate that levels of immune activation established during early infection can be
significantly attributed to the replicative capacity of the transmitted virus, even though
we are only measuring the contribution of the gag gene to this process.

We furthermore demonstrated that the amount of HIV DNA harbored by both
Tcem and CD27+/CD45R0O- CD4+ T cells is highly associated with viral replicative
capacity. It is possible that the increased levels of HIV-1 DNA found in these “naive”
CD4+ T cells could be due in part to the presence of T memory stem cells (Tscm), that
would be found within our sorted naive T cell populations [38,39]. These long-lived
memory T cells with stem cell-like properties are susceptible to HIV-1 or SIV in
pathogenic infections but spared in non-pathogenic SIV disease [40].

Tcem CD4+ cells, which are characterized as being more stable and longer-lived,
are preferentially spared in non-pathogenic SIV infection and infection of this subset has
been linked to the immunopathology of HIV-1 infection [28,37,41]. The results of the
current study provide further evidence that HIV-1 infection of this subset occurs early, is
linked to altered CD4 T cell homeostasis, and significantly predicts disease progression.

Tcem CD4+ cell have also been highlighted as an integral population for the
maintenance of latency and viral persistence [32]. Our findings suggest that the extent to
which HIV infects Tcm CD4+ T cells and establishes a latent reservoir might be

influenced by characteristics of the transmitted founder virus. This has important
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therapeutic implications, and suggests that individuals infected with attenuated (low
vRC) viruses may be better candidates for proof-of-concept cure strategies.

The data presented here suggests that viral characteristics can provide
independent information about an individual’s risk for disease progression and
point to a novel target for interventions to reduce immune activation and viral
burden. Immune responses and interventions that effectively attenuate vRC in the

earliest stages of infection could not only have a dramatic impact on viral control and
disease progression, but, based on our recent findings (Carlson et al — Science, in press),
could also impact the efficiency of subsequent transmission to other partners. Moreover,
reducing the size of the viral burden in key T cell populations prior to ARV treatment

could significantly augment cure strategies aimed at eliminating the latent reservoir.
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Figure 1 | HIV-1 replicative capacity, when defined by the transmitted gag
sequence, predicts CD4 T cell decline in ART-naive, HIV-1 infected
individuals. A. In a Kaplan-Meier survival analysis with an endpoint defined as CD4+
T cells counts falling below 300, low vRC, defined as the lowest tercile of vRC values in
127 acutely infected individuals, provides a significant protective benefit from CD4+ T
cell decline. B. When the middle and upper terciles of vRC groups are combined, low
VRC provides significant protection from CD4+ T cell counts falling below 200. C. vRC
has an independent, but additive, effect with early set point VL in determining CD4+

decline. High vRC is defined as the upper 67% of vRC scores, and low vRC is defined as
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the lowest 33% of vRC scores. D. In individuals with protective HLA class I alleles (n =

26), VRC significantly dichotomizes CD4 decline trajectory.
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Supplementary Figure 1 | The effect of log,o-increases in early set point VL on
longitudinal CD4 T cell decline post seroconversion. In a Kaplan-Meier survival analysis
with an endpoint defined as reaching CD4+ T cell counts <300, individuals with set
point VLs greater than 105 were at the highest risk of rapid CD4+ T cell decline (n = 127).
Groups were defined as the log,o-transformed set point VL. measurement rounded down

to the nearest power.
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Cox Proportional Hazards Model
(Time to CD4<300)

Factors Tested HR 95% CI P-value
Female 1.10 0.67-1.70 0.78
Low VRC (lowest tercile) 0.48 0.28 — .80 0.004
B*57/5801 0.45 0.23 - .81 0.006
Set point VL 10.00 2.86-44.14 0.0004

Supplementary Table 1 | Host and viral characteristics independently predict CD4+ T
cell decline. In a multivariable Cox proportional hazards model with an endpoint defined
as CD4+ T cell counts <300, low vRC, carriage of HLA-B*57 or B¥5801, and set point VL.
were independent predictors of CD4 decline (n = 127). Transmission of a virus exhibiting
low vRC (defined as the lowest tercile of vVRC scores) and carriage of protective HLA-I

alleles were found to be independently and similarly protective, while high set point VLs

were hazardous.
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Cytokine/Analyte [ Mean (Low RC) | Mean (High RC) [ Two-tailed p-value | One-tailed p-value

IL-10 (OM) 5.5 10.73 0.0076 0.0038

IL-6 (OM) 1.88 3.94 0.0086 0.0043

IL-1B (OM) 0.21 0.57 0.0158 0.0079

IFNg (OM) 4.38 10.26 0.0286 0.0143

IP-10 (OM) 639.56 1108.43 0.0352 0.0176
TNFa (OM) 10.76 13.87 0.0566 0.0283

IL-7 (OM) 1.81 2.65 0.0922 0.0461
IFNa2 (OM) 21.09 31.48 0.0968 0.0484

Supplementary Table 2 | High vRC significantly increases early inflammatory

cytokine levels. In an analysis of 16 inflammatory cytokines, chemokines, and markers of

gut integrity and microbial translocation in plasma at the time of seroconversion

(median 46 days post estimated date of infection), 8 analytes were found to be

significantly increased in individuals infected with highly replicating viruses (n = 33;

statistical comparisons were made using the Student’s t-test). When correcting for

multiple comparisons using the Storey method, IL-10, IL-6, IL-1B, and IFNg remained

significantly elevated in individuals infected with highly replicating viruses.
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Figure 2 | Low vRC is associated with a distinct cytokine profile early in
infection, characterized by muted inflammatory cytokine levels. A. Principal
Component Analysis (PCA) was used to reduce dimensionality and extract latent
variables comprised of linear combinations of 16 different analytes measured at the
seroconversion time point (n = 33). The loadings of the first two principal components
are depicted in a 2-dimensional scatter plot. The first principal component, which
describes the greatest variation in the data set, has positive loadings associated with high
VRC. B. A relational network depicts the analytes most positively (red) and negatively

(blue) associated with the first two principal components, which themselves are also



123

correlated with two distinct biological phenotypes, vRC (PC1) and set point VL (PC2).
The color key describes how the degree of linear dependence, based on the Pearson
correlation coefficient (r), corresponds to the color of connections (the threshold for

visible connections was set to a Pearson correlation coefficient of r > 0.4 or < -0.4).
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Supplementary Figure 2 | The first two principal components are significantly
correlated with vRC and set point VL, respectively. A. Positive loadings for PC#1, which
are associated with high levels of inflammatory cytokines, are significantly enriched for
individuals with high vRC. B. Positive loadings for PC#2, which are associated with high
levels of IP-10 and MCP-1, are significantly enriched for individuals with higher set point

VLs (n = 33; statistical comparisons were made using the Student’s t-test).



125

>
w

+ 601 40 o R2=0.40
4 + P < 0.0001
o ~
3 a
T 404 (&)
+ 1
8 5
a &
o +
+ 20+ ©
@ o
aQ o
e 2
e\o )
0
0

Log10 vRC Log10 vRC

(9]
O

. 407 R 2= 0.26

P = 0.002

R2=0.44
P < 0.0001
30+

% CD8+ granzymeB + perforin+

% CD8+ granzyme B+ perforin+

0 10 20 30 40 50
% CD8+ PD1- CD57+ Log10 VRC

Figure 3 | High vRC is associated with increased CD8 T cell activation and
lower cytotoxic potential. A-D. Cryopreserved PBMCs were collected less than 3-
months post estimated date of infection (n = 35) and stained with two multi-color flow
cytometry panels evaluating either memory subsets and markers of cellular activation
and exhaustion (a, b) or markers of T cell cytotoxicity (c, d). A. Correlation between vRC
and the percentage of total CD8+ T cells co-expressing CD38 and HLA-DR. B.
Correlation between vRC and the percentage of CD8 T cells that are CD57+ but remain
PD-1. C. Individuals with a greater percentage of CD57*/PD-1- CD8+ T cells also have
CD8+ T cells with greater cytotoxic potential, as measured by the percentage of cells

expressing both granzyme B and perforin. D. Correlation between cytotoxic potential in
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CD8+ T cells, as measured by co-expression of granzyme B and perforin, and vRC.
Correlation statistics were generated using linear regression. Solid lines indicate trend

lines, and dashed lines represent 95% confidence bands.



127

>

== | ower three quartiles of

00 %CD8+ CD38+ HLADR+

= Highest quartile of

S %CD8+ CD38+ HLADR+

Percent of individuals
with CD4 counts >300

50~
25+
p=0.02*
c ] 1 1 1 1
12 24 36 48 60
Time (months)
B
100 = |Lower 50% of %CD8+ PD1+

"o = Highest 50% of %CD8+ PD1+
ERS
S A 75
:e
£ 8 50
S«
g o
82 259
o = ——
a3 p=0.05

c 1 1 1 1 1

12 24 36 48 60
Time (months)
C
100

= | owest 50% of %CD8+ CD57+
=+ Highest50% of %CD8+ CD57+

~
(3]
[}

Percent of individuals
with CD4 counts >300
N (4]
T S

p=0.04

c 1 1 1 1 1

12 24 36 48 60
Time (months)

Supplementary Figure 3 | CD8+ T cell activation phenotypes early after infection are

associated with CD4 T cell decline. A-C. Kaplan-Meier survival analysis with an
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endpoint defined as CD4+ T cells counts <300 and statistics generated from the log-rank
test (n=35). A. The highest quartile of CD38 and HLA-DR co-expression on CD8+ T cells
is significantly correlated with accelerated CD4+ T cell decline. B. High levels of PD-1
expression on CD8+ T cells show a trend for accelerated CD4+ T cell decline. C.
Individuals with a high percentage of CD57+* CD8+ T cells exhibit delayed CD4+ T cell

decline.
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Figure 4 | vRC is associated with increased cellular activation and
proliferation in CD4 T cell memory subsets. A-D. Cryopreserved PBMCs from
individuals with high vRC (n = 13), low VRC (n = 6), and from HIV-negative Zambian
individuals (n = 14) isolated at 3-months post estimated date of infection were stained
for markers of activation, cellular turnover, and delineation of memory T cell subsets. A-
B. Co-expression of the activation markers CD38 and HLA-DR on CD4+ Tem and Tewm
cells was significantly increased in individuals infected with highly replicating viruses as
compared to individuals infected with attenuated viruses or HIV-negative individuals.
The percentage of CD4+ Tcwm cells co-expressing CD38 and HLA-DR did not differ
significantly between individuals infected with poorly replicating viruses and those that
were HIV-negative. D-E. CD4+ T cell proliferation, as measured by Ki67 expression, was
significantly higher in Tcw and Tem of individuals infected with highly replicating viruses.
There was no statistically significant difference in the percentage of Tcm and Tem
expressing Ki67 between individuals infected with attenuated viruses and HIV-negative
individuals (statistical comparisons were made using the Student’s t-test). C,F In a
Kaplan-Meier survival analysis with an endpoint defined as CD4 T cell counts falling
below 300, high percentages of CD4+ Tcwm cells co-expressing CD38 and HLA-DR or

CD4+ Trm expressing Ki67 was highly deleterious and lead to rapid disease progression.
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Supplementary Figure 4 | High vRC is associated with an increased level of
activation and turnover in CD4+ T cells that is highly deleterious. A. High vRC is
associated with an increased percentage of total CD4+ T cells that co-express CD38 and
HLA-DR as compared to individuals infected with attenuated viruses or to HIV-negative
individuals. Individuals infected with attenuated viruses exhibit CD4 activation
phenotypes that more closely resemble that of uninfected individuals. B. High vRC is
associated with increased cellular turnover of total CD4+ T cells as evidenced by
intracellular Ki67 expression. Individuals infected with attenuated viruses more closely
resemble uninfected individuals in terms of the percentage of total CD4+ T cells

expressing Ki67.
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Figure 5 | Inflammatory cytokine profiles associated with vRC correlate with
T cell activation. Inflammatory cytokines measured at seroconversion in 33 acutely
infected individuals were used to define distinct cytokine profiles via Principal
Component Analysis. Of this group, a subset of 18 and 19 individuals had also been
immunophenotyped for CD8+ and CD4+ T cell activation, respectively. Positive loadings
were defined as a PC1 score >0 and negative loadings were defined as a PC1 score <0. A-
C. Positive loadings for PC1 are associated with increased CD8+ T cell activation
(CD38+/HLA-DR+) and exhaustion (PD-1+, CD57-). D-E. Positive loadings for PC1
were also associated with increased levels of PD-1 on CD4+ Tcum and increased CD4+ Tem
proliferation (Ki67+). The left hand y-axis displays percent positive cells for panels A-D;
the right hand y-axis displays percent Ki67+ cells for panel E. (* p < 0.05; ** p < 0.01;

¥¥¥ p < 0.001; statistical comparisons were made using the Student’s t-test).
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Figure 6| vVRC correlates with the burden of HIV-1 viral DNA in CD4+ Tcm
and T. A. Cryopreserved PBMCs isolated 3-months post infection (n = 21) were
stained and CD4+ T cells were sorted into 3 distinct populations, Tx (CD27+, CD45ROr,
CCR7%), Tem (CD27+/-, CD45R0O*, CCR7), and Tcm (CD27+/-, CD45R0O*, CCR7*), and cell-
associated HIV-1 DNA was quantified by real-time PCR amplification of HIV-1 subtype C
integrase gene. Cell copy number was normalized based on real-time PCR amplification
of the human albumin gene. Low vRC was associated with significantly fewer CD4+ Ty
and Tcwm cells harboring HIV-1 DNA. B-C. In a majority of the same individuals (n = 18),
a fraction of unsorted PBMCs was stained for markers of cellular activation and
proliferation. The viral burden in CD4+ Tcm was positively correlated with levels of
proliferation (C) and activation (B) in CD4+ Tgum cells. Correlation statistics were
generated using linear regression and log;o-transformed viral DNA copies/10° cells. D.
In a Kaplan-Meier survival analysis with an endpoint defined as CD4 T cell counts falling
below 300, high viral burden in CD4+ Tcm was associated with an increased risk of CD4

T cell decline.
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Discussion

A unifying theme in HIV/AIDS research is the pursuit of a cure capable of ending
the global pandemic. Decades of research have proven that a multidisciplinary approach
will be crucial for combating the biological and social complexities of this disease.
Although the rate of newly acquired infections has decreased over time, and the advent
of ART has prolonged life expectancy for those living with HIV/AIDS, the epidemic
ensues unabated. The complete or near complete eradication of infectious diseases such
as small pox and polio have required the development of an efficacious vaccine and
HIV/AIDS will be no exception.

To date, a preventative vaccine for HIV-1 has proven difficult and elusive to
achieve. Vaccines that have made it to Phase III clinical trials have either failed to show
protection (the Merck Step trial [372]) or have only shown modest protection (the RV144
Thailand trial [373]). Vaccine research, although making small steps forward, is often
misguided, because very little is known about what constitutes a protective immune
response against HIV-1 infection. The extensive genetic diversity of HIV-1 further
complicates vaccine endeavors; this fact perhaps implies that a multifaceted approach
that induces multiple arms of the immune system will be key [12].

Although a vaccine is considered the holy grail of HIV-1 prevention research, its
development is likely years in the making. Thus in the interim, we rely on alternative
prevention strategies to curb the epidemic. Thanks to the development of ART, growing
numbers of individuals living with AIDS experience a healthier longer life, while ART-
suppression of viral load has been proven to reduce transmission efficiency. Despite this,
AIDS-related co-morbidities still exist in treated individuals, and ART has not
successfully halted the spread of the disease. Thus, research looking beyond anti-

retroviral treatment alone is important for future efforts to eliminate this disease.
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The HIV/AIDS field stands to gain novel insights into HIV-1 pathogenesis
through investigating the natural course of HIV-1 infection. Such insights could reveal
novel vulnerabilities that could be targeted in the next-generation of prevention and
therapeutic strategies. To date, most research on HIV has focused on the role of the host
genetic factors and immune responses in defining pathogenesis [369]. This research has,
without a doubt, been instrumental in characterizing the role of host genetic factors such
as HLA-I alleles and gender, as well as identified numerous immunological
abnormalities in HIV-1 infection. Unfortunately, this research fails to recognize or take
into account the virus genotype and how this might affect pathogenesis [374]. The
results presented in this body of work strongly suggest a dominant role for viral factors
in defining multiple facets of HIV-1 pathogenesis. Furthermore, this work suggests that
an integrative approach that seeks to understand the interplay between the host and
virus will ultimately yield more meaningful insights into pathogenesis.

Through a long-standing collaboration with one of the largest discordant couples
cohort in the world, the Zambia Emory HIV Research Project, we have been afforded the
unique opportunity to study the host and viral factors important in defining HIV-1
pathogenesis. Preliminary studies with this cohort supported a role for transmitted viral
characteristics in defining clinical parameters during early infection. First, it was
observed that viral loads appeared to be “heritable”, i.e. high viral loads in the
chronically infected partner translated into a higher set point viral load within the newly
infected linked recipient [318,319]. This “heritable” factor was hypothesized to be
attributable to an unknown viral characteristic. Subsequently, it was shown that
transmitted CTL escape mutations in Gag, but not other proteins, correlated with lower
set point viral loads, implicating that the transmission of an attenuated Gag might

provide a clinical benefit to the newly infected individual [320]. We show here that
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replicative capacity of the transmitted Gag contributes to the heritability of viral loads
between chronically infected donors and their acutely infected linked recipients.

The work presented here has revolutionized the field’s ability to assess important
viral characteristics in the context of disease progression. We developed a restriction
enzyme based cloning strategy in which gag sequences are inserted into a common a
common clade C proviral backbone, MJ4. Previous methods to assess in vitro replicative
capacity of HIV isolates are less than ideal. The major limitations of past approaches
revolved around the technical difficulties in cloning retroviruses, which have extremely
high genetic variability and their unstable replication in bacteria. While the cloning of
env genes for the analysis of antibody and co-receptor utilization is well established,
cloning strategies for other genes are underdeveloped. Previous methods circumvented
the difficulty in cloning by propagating the virus from plasma, or by recombining viral
DNA with NL4-3 in T-cells. These methods risk significantly skewing the genetic nature
of the recovered virus. Additionally, researchers in the field tend to use clade B
laboratory-adapted strains such as NL4-3 when creating chimeric viruses [310-
313,334,336,375,376]. Therefore, the enzyme-based cloning method utilized here
provides the field with a superior alternative to assessing in vitro replicative capacity. A
more in-depth discussion of the methods can be found in the Appendix. Although
initially designed for the cloning of gag, these methods can be extended to other viral
gene products and have opened the door for future research aimed at identifying
additional viral determinants of HIV-1 pathogenicity.

Perhaps one of the most intriguing as well as frustrating aspects of HIV-1 is the
rapid rate of evolution, which has led to a seemingly endless amount of global HIV-1
diversity [26,41]. Evolution of viral diversity occurs largely in response to strong
selection forces such as immune responses enacting within the host. Viral escape from

host immune responses increases the in vivo fitness of the virus, but such escape might
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impact the in vitro replicative capacity of the virus [287]. HIV-1 viral evolution follows a
pattern that is dictated by viral fitness, but the term “fitness” can have several meanings,
and the meaning might have different connotations within different contexts. In vivo
fitness is influenced not only by in vitro replicative capacity, but also by all of the
necessary elements for in vivo replication and survival such as immune evasion.

Within an epidemic, viruses are transmitted from host to host, and in the case of
HIV-1, a severe genetic bottleneck occurs suggesting selective transmission of certain
viral genetic characteristics [68,69]. Thus, transmission likely imposes additional levels
of selection and influences HIV-1 genetic variability within a population. Adding to this
complexity, geographically distinct populations of people are often genetically different
and display different distributions of alleles such as HLA-I [283]. A cross-protective
vaccine would need to protect against many diverse strains of HIV-1, but would have to
be designed such that the epitopes targeted could be presented by a majority of HLA-I
alleles worldwide. Therefore, studying the genetic diversity of HIV-1 in the context of
different populations is highly important for understanding pathogenesis and extracting
out the most meaningful correlates of protection that might be conserved across multiple
epidemics.

The results presented here encompass a large-scale study of over 200 subtype C
acutely infected individuals from Zambia in which the in vitro replicative capacity of the
transmitted virus as conferred by Gag, was measured. Although Gag is one of the more
conserved HIV-1 encoded proteins due to structural and functional constraints [85,3771],
significant sequence variation in Gag was observed between different individuals.
Substitution of the transmitted gag into MJ4 resulted in drastic differences of in vitro
replicative capacity. In vitro replicative capacity of the transmitted Gag, in turn, was
found to correlate with disease progression independent of set-point viral load and host

factors such as gender and HLA-I alleles.
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These studies have highlighted the contribution of Gag in defining in vitro
replicative capacity of the virus. Although these data suggest that Gag plays a major role
in defining the kinetics of the viral lifecycle, certainly other viral proteins might
additionally influence this. A recent study has demonstrated that in vitro RC of Pol was
found to correlate with disease progression in both subtype A and D [368].

Furthermore, Mann et al. demonstrated that sequence variation in Nef resulted in
differential downregulation of CD4 and HLA-I [378,379]. Novel cloning strategies that
allow for feasible cloning of a large number of full-length infectious molecular clones
have been recently developed by our research group (Deymier et al. manuscript in
preparation). Investigation of the in vitro replication kinetics of full-length infectious
molecular clones will further our understanding of how viral characteristics interplay
with the host to define transmission efficiency as well as HIV-1 pathogenesis.

Based on the surmounting evidence that CD8+ T cells are key players in the
immune response to HIV-1, research efforts have turned towards defining what type of
CD8+ T cell responses would likely protect in a vaccine. A successful cellular based
vaccine will likely need to induce responses that recognize vulnerable regions within the
virus that escape with difficulty, i.e. “protective epitopes”. Another feature of ideal
“protective epitopes” would be more ubiquitous presentation by a wide diversity of HLA-
I alleles globally. The field has focused an exhaustive amount of research on studying the
immunological mechanisms by which protective HLA-I alleles such as B¥27 and B*57
confer control of viral replication. These alleles have been shown to target structurally
conserved regions in Gag, which incur fitness costs upon escape [251,253-
257,357,369,380]. A major caveat to such studies is the fact that most people do not have
these protective alleles. Additionally, the observed protective effect of HLA-I alleles as
well as in vitro fitness costs can be cohort specific and attributed to genetic differences in

circulating HIV-1 strains [381-383]. The challenge then becomes to discover novel
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epitopes both provide protection but that can also be targeted by multiple different HLA-
I alleles.

A recent comprehensive statistical analysis (Carlson and Shaefer et al, Science, in
press), which encompasses 1899 subtype C sequences from Zambia and South Africa,
has identified 199 HLA-associated polymorphisms within Gag, Pol, and Nef.
Additionally, longitudinal sequence analysis of 80 recently infected linked transmission
pairs from this cohort has shed light on the kinetics of CTL epitope escape as well as
inferred mutations likely to carry fitness costs based on the rate of reversion. Through
studying the in vitro replicative capacity of naturally occurring Gag sequences,
vulnerable regions of Gag can be more thoroughly identified within the context of this
subtype C infected cohort.

In chapter 2, we identify several previously unrecognized HLA-associated
polymorphisms that were statistically associated with differences in vRC. An
overabundance of polymorphisms that affected RC was found in matrix and p2 of Gag.
To date, the majority of protective HLA-I epitopes have been described in P24, thus this
work further characterizes the functional constraints of additional regions in Gag, which
might better inform rational vaccine design. The MA domain of HIV-1 plays key roles in
the targeting of Gag to the plasma membrane and in incorporation of Env during virus
assembly [85,87,89,359]. Reflecting on its diverse roles in the retroviral lifecycle, it is
therefore not surprising that we observed mutations within MA that were statistically
associated with changes in RC. We found that the HLA-associated polymorphism, K12E,
was associated with the greatest fitness defect across all of the sequences. Moreover, 12E
is associated with HLA-A*7401, an allele previously described as protective in multiple
cohorts [257,281,384]. Position 12 is also predicted to be the critical anchor residue
within the A*74 epitope Gag-KR9 [258]. It is likely that polymorphisms at this position

would interfere with binding, although further studies are required to demonstrate that
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this epitope is indeed presented in vivo and that polymorphisms confer functional
escape.

Position 12 lies in a highly basic region of the N-terminus of matrix important for
membrane targeting [359]. Mutational analysis by Freed et al. demonstrated that the
mutation L13E was associated with decreased infectivity and a disruption in Env
incorporation [88]. Interestingly, 13L is 100% conserved among all HIV-1 subtype C MA
sequences within Zambia. It is plausible, therefore, that changes at an adjacent residue
might, to some degreem impact in vitro replicative capacity. Based on longitudinal
sequencing of 80 recently infected Zambians from the ZHERP cohort, polymorphisms at
position 12 reverted at a rate of 25% per year. This was comparable to the kinetics of the
well-documented B*57 escape mutation T242N, which reverts at a rate of 27.5% per year.
Furthermore, in a total of ten recently infected individuals with A*7401, escape only
occurred in one individual and occurred late at 24-months post infection.

Several different polymorphisms were observed in addition to glutamate at
position 12. The basic amino acid, lysine (K), is the consensus residue within Zambian
clade C sequences. The polar, but non-charged glutamine (Q) is the second most
prevalent residue followed by the negatively charged glutamate (E), and lastly by
asparagine (N), which is the least prevalent. 12Q has also been statistically associated
with HLA-A*7401 (Carlson and Shaefer et al, Science, in press). While 12N might also be
driven by HLA-A*7401, it is likely too rare to demonstrate a statistical association with
the allele. In order to investigate the in vitro fitness impact of A*7401 associated CTL
escape mutations, I engineered all naturally occurring polymorphisms at residue 12 into
MJ4, and assessed the in vitro replicative capacity of each virus. Interestingly, MJ4’s Gag
sequence naturally contains an arginine at position 12. Preliminary results demonstrate
that, in the context of MJ4, N12E resulted in a half-log reduction in in vitro replicative

capacity. (Appendix, Figure 1A and 1B). MJ4’s naturally occurring asparagine was
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associated with the highest in vitro replication followed by N12K and N12Q, both equal
in their growth kinetics. From this, it appears as if the only polymorphism associated
with a drastic replication defect is 12E. If the presence of an N, Q, or K results in minimal
in vitro replication defects, it seems puzzling why 12E would be selected for at all. Even
though 12E is rare, occurring in only 5% of all sequences, it is selected for under certain
circumstances; otherwise it would not appear in naturally occurring sequences. One
hypothesis might be that not all variants confer the same phenotype in terms of escape
from CTL recognition; 12E might inhibit binding to a greater degree than the other
residues, thus, leading to more complete escape.

An alternative hypothesis would be that in vitro fitness defects might be context
dependent. Therefore, 12E might be deleterious in some sequence contexts, but not
others, potentially due to the presence of compensatory mutations. In order to address
this, I engineered 12E into six additional Gag-MJ4 chimeric viruses all with drastically
different Gag sequences, but that all harbored the consensus residue (K) at 12.
Interestingly, a wide range of in vitro fitness defects were observed for the same
mutations, K12E, in six different Gag sequences (Appendix, Figure 2). For some
sequences, K12E did not have an in vitro fitness defect, while in others, in vitro
replication was drastically reduced to almost background levels. While these studies are
admittedly preliminary, they suggest that CTL escape mutations might impact in vitro
fitness to varying extents depending on what other viral polymorphisms are present.
Ongoing studies are investigating the potential role of co-varying amino acids in rescuing
the in vitro replicative defects of K12E.

The varying in vitro fitness defects of K12E might explain the reversion kinetics,
which is around 25% per year. It is possible that minimal defects in viral replication of
particular sequence contexts can explain the instances in which reversion does not occur.

To date, research identifying the in vitro fitness defects associated with CTL escape has
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often engineered desired mutations into laboratory-adapted backbones such as NL4-3.
This data argues that such approaches might not accurately predict how certain
polymorphisms would impact the in vitro fitness within the context of certain
populations of HIV-1 infected individuals.

Taken together, this suggests that perhaps the protective effect of HLA-A*7401
within this cohort might be attributed, at least in part, to an effective CTL response
directed against the Gag-KR9 epitope in MA. It is possible that a prolonged CTL
response due to a lack of escape might suppress viremia in A*7401 individuals and thus
would delay disease progression. Immunological studies aimed at characterizing the
effect of differential epitope escape in the context of varying replication kinetics will be
key for further elucidating the mechanism of protection for HLA-A*7401 in this cohort.

In addition to helping elucidate potential vulnerabilities in virus structure and
function that can be harnessed to develop a more effective cellular based vaccine, the
studies presented here have demonstrated a role of transmitted viral characteristics in
defining HIV-1 disease progression and pathogenesis. RC of the transmitted virus was
associated with set point VL in newly infected linked recipients. This was the first
definitive evidence that RC of the virus played a role in early acute subtype C infection.
Moreover, we demonstrated that RC correlated with viral loads in chronically infected
donors. Thus, the observed “heritability” of viral load between partners within a
transmission pair can be explained, at least in part, by replicative capacity of the
transmitted virus. By assessing the in vitro replicative capacity of Gag-MJ4 chimeric
viruses, we demonstrate that this effect on HIV-1 viral load can be attributable to Gag.

Moving forward, it will be important to understand how events during
transmission might impose selective pressures for viral replicative capacity. Genetic
heterogeneity within the quasispecies of a chronically infected individual is likely to

result in different in vitro replicative capacities of between different viruses present in
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the quasispecies. A recent study by Carlson and Shafer et al. (Science, in press)
demonstrated a selection bias towards the transmission of consensus residues in the
viral genome. This was the case even when mixtures of consensus and non-consensus
residues were present within the quasispecies of the chronically infected donor. These
results are in congruence with previous observations that ancestral sequences, or those
that are genetically similar to the most recent common ancestor, are more often
transmitted [77,385]. These results suggest that through each transmission event, the
viral genotype is set backwards in evolutionary time towards consensus. Therefore,
immune-mediated evolution might occur slower than expected on population level. A
recent study comparing ancestral subtype B sequences (1979-1989) to modern sequences
from (2000-2011) isolated from four cities in North America demonstrated slow
adaptation in Gag and Nef over time. Furthermore, replicative capacity of Gag did not
differ between ancestral and modern sequences while they observed an increase of Nef-
mediated CD4 down-regulation over time [386]. It will be important to extend these
studies to other subtypes and epidemics in order to elucidate how viral evolution might
affect pathogenesis of the epidemic over time, both in terms of protein function as well as
transmission of pre-adapted CTL epitopes.

Certain residues within the virus are likely absolutely critical for the viral lifecycle
and these functions must be preserved in order to ensure the virus’ survival on a
population level. This might explain the selection bias towards transmission of
consensus residues; however, we also demonstrate in Chapter 2 that a majority of
polymorphisms present within Gag were in fact associated with increases in RC.
Moreover, we observed a statistically significant negative correlation between sequence
similarity to the Zambian consensus and RC. This finding has been independently
demonstrated in separate studies [313] and suggests that while certain residues might be

driven to consensus due to functional constraints, consensus-like Gag sequences confer a
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lower in vitro fitness than those with an accumulation of additional polymorphisms,
which are likely compensatory in nature.

In chapter 3, we demonstrate that high vRC was associated with a distinct
cytokine profile during early acute infection characterized by higher levels of interferon
as well as higher levels of the pro-inflammatory cytokines IL-6 and IL-1beta. Early viral
replication and/or recognition of Gag antigen might induce an early innate immune
response resulting in a cytokine storm and cellular activation. It is possible that the
consequences of rapid viral replication might be selected against during transmission.
Rapid replication might induce a potent innate antiviral response that would suppress
viral replication before the virus could replicate to sufficient levels at the site of infection
to allow for dissemination. Potent antiviral responses are often characterized by the
induction of interferon [387]. It has recently been shown that HIV-1 transmitted founder
viruses are more resistant to interferon than viruses derived from chronically infected
individuals [79,388] highlighting the strong selective pressure imposed by innate
antiviral responses such as interferon on the virus during transmission.

Therefore, although the selection of consensus residues during transmission
likely results in the preservation of critical virus structure and function, it is also
plausible that viruses with very high levels of replication might be selected against during
the transmission event. An optimal RC might allow the virus to slowly replicate
unnoticed by the innate immune system, thus, avoiding a robust innate antiviral
response, but such viruses would also retain necessary functions for the viral lifecycle.

The data presented in chapter 3 describes the mechanisms by which viral
replicative capacity influences CD4+ T cell decline. We demonstrate that in individuals
recently infected with HIV-1 subtype C, low vRC was associated with a delay in CD4+ T
cell decline. A clear and durable benefit was observed even down to CD4+ T cell counts

below 200, the clinical definition of AIDS. This suggests that even in the face of continual
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viral adaptation and evolution of RC throughout infection, RC of the initial infecting viral
strain initiates crucial events early during pathogenesis that dictate the long-term
trajectory of disease progression. In support of this, we further demonstrate that vRC
predicts CD4+ T cell decline independent of set point viral load. Acute infection is
characterized by a burst of viral load in plasma that peaks around 2-3 weeks post
infection and is quickly resolved down to a more steady state set point [389]. The
establishment of set point is influenced by host factors such as HLA-I alleles and gender
[319]. Individuals in this cohort were not identified early enough during acute infection
to be able to accurately define peak viral load. Nevertheless, we hypothesize that peak
viral load might be more reflective of vRC than set point viral load, which is defined by
the balance between viral replication and host factors that enact to control viral
replication.

We additionally demonstrate that vRC predicts CD4+ T cell decline independent
of the canonical protective HLA-class I alleles B*57 and B*5801. Not all individuals with
protective alleles become non-progressors or elite controllers [390]. We find that vRC
significantly dichotomizes the trajectories of CD4+ T cell decline in individuals that
harbor B*57/B*5801. Therefore, infection with a highly pathogenic virus might mask the
protective benefits of these HLA-I alleles, and would explain why some HLA-B*57
positive individuals progress to AIDS. This collectively suggests that the transmitted Gag
plays a crucial role in defining the early assault on the immune system before host
factors can control acute viremia down to set point viral load.

We go on to show in chapter 3 that vRC influences many facets of HIV-1
immunopathology that have been shown to be important factors associated with CD4+T
cell decline. In acute HIV-1 infection, a sharp rise in plasma viremia is associated with an
intense cytokine storm characterized by high levels of pro-inflammatory cytokines such

as IFN, TNF-alpha, IL-6, IL-8, and a late peak in levels of the immunoregulatory
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cytokine IL-10 [363]. This extensive cytokine storm is unique to HIV/SIV infection.
Limited levels of cytokines characterize other chronic infections such as HCV and HBV,
which is generally cleared [363]. This suggests that the early inflammatory environment
in the case of HIV-1 translates into highly deleterious immunopathology. In fact, a
hallmark of pathogenic HIV-1 infection is chronic immune activation, which is
characterized by an increase in circulating pro-inflammatory cytokines as well as an
increase in T-cell activation [152,154,156,160,164,170,171,173,202]. Moreover, the
translocation of microbial products from the gut into systemic circulation has been
implicated in exacerbating immune activation [197].

We used Luminex technology to measure the levels of 16 different cytokines,
chemokines and markers of microbial translocation at seroconversion. Furthermore, we
performed principal component analysis in order to characterize a unique inflammatory
profile associated with differences in vRC. We find that the first principal component,
which describes the highest variation within the data, is associated with vRC. Conversely,
subsequent principal components, which explain less variation in the data, are correlated
with viral load, gender, and HLA-I alleles. This suggests that during early infection, viral
replicative capacity induces a unique inflammatory milieu that is less influenced by host
factors. Individuals infected with attenuated viruses exhibited dampened levels of pro-
inflammatory cytokines and markers of microbial translocation.

Most notably, vRC was associated with the pro-inflammatory cytokines IFN-
gamma, IFN-a, IL-6, IL-1beta, and to a lesser extent, sCD14 and LPS, which are markers
of microbial translocation. Interestingly, IL-6 and IL-1B are two inflammatory cytokines
that have been implicated in driving CD4+ T cell turnover and impairing homeostatic
proliferation, key characteristics in pathogenic HIV infection [367]. Consequently, vVRC
was also correlated with levels of CD4+ T cell proliferation, which in turn predicted

disease progression.
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Residual immune activation persists in some individuals on ART despite
suppressed viral loads, and activation levels predict non-AIDS related co-morbidities
such as adverse cardiovascular events, neurological impairments, and aging
[104,105,152,154,156,202]. Based on the data presented here, it is plausible to
hypothesize that individuals initially infected with a highly replicating virus might
present with residual immune activation despite suppressive ART therapy. Furthermore,
the fact that vRC correlated with early establishment of the inflammatory milieu further
supports the notion that early ART treatment would more effectively limit immune
activation, and thus, would provide additional clinical benefit. Finally, non-pathogenic
SIV infection is characterized by a robust cytokine storm that is quickly dampened [391].
It is possible that low vRC induces a similar phenomenon in humans in which the levels
of pro-inflammatory cytokines decrease over time. In-depth longitudinal studies as well
as measurement of immunoregulatory cytokines such as TGF-beta will help elucidate if
this is the case.

We found it interesting that vRC was more highly associated with differences in
pro-inflammatory cytokines rather than microbial translocation, although this evidence
is not sufficient to definitively conclude that vRC does not influence gut damage and
microbial translocation. The causes of microbial translocation have not been fully
elucidated, and it is not yet unclear if early inflammation is a driver of gut damage.
Higher levels of viral replication and antigen load might result in higher levels of innate
recognition of viral PAMPS. The three-dimensional Gag lattice structure is also
recognized by TRIM5 alpha, which can act as an innate immune sensor to induce the
IFN-pathway [191]. In addition, higher levels of early viral replication might deplete
critical CD4+ T subsets such as Th17 cells to a more severe extent. This might then cause
immunological dysfunction at mucosal sites, leading to more severe microbial

translocation, which itself in turn leads to exacerbated immune activation. Therefore,
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investigating how vRC of the virus, specifically in the context of Gag, interacts with the
host to induce immune activation during the earliest stages of infection will require more
in-depth studies. These studies might include viral stimulation and characterization of
APCs, explant models, measuring additional markers such as IL-17, as well as analogous
in vivo studies using a humanized mouse model.

Chronic viral infections such as HIV-1 induce immune activation, but are also
associated with a functional exhaustion of the immune system [219,220,231,236]. We
find that vRC correlated with early levels of CD8+ T cell activation. Furthermore, levels
of CD8+ T cell activation correlated with CD4+ T cell decline, thus providing a likely
mechanistic link between vVRC and CD4+ T cell decline. It is well accepted that immune
activation predicts CD4+ T cell decline better than viral load, however potential
mechanisms for this were undefined until now. We demonstrate, for the first time, that
this phenomenon can be, at least in part, attributed to the RC of the transmitted virus,
which we show is driven by Gag.

In addition to lower levels of activation, low vRC was associated with CD8+ T
cells that were PD-1°"CD57high, Although CD57 has traditionally been used as a marker of
senescence and differentiation [130], CD57 expression in HIV-1 infection has been
shown to have different functional consequences than CD57 expression in CMV infection
or in aging [239]. Furthermore, CD57 was associated with delayed disease progression,
and expression levels were significantly restored upon ART highlighting the protective
role of CD57 in HIV-1 infection [240]. Furthermore, Petrovas et al. showed that CD8+T
cells that maintain high levels of CD57 but low levels of PD-1 are more resistant to
apoptosis [238]. Therefore, low vRC, and thus by extension, lower early antigen load
might limit CD8+ T cells from becoming exhaustion and protect cells from apoptosis.
The association between reduced exhaustion and low vRC translated into increased

CD8+ T cell cytotoxicity. Moreover, the levels of CD8+ T cell activation and exhaustion
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predicted CD4+ T cell decline within this cohort. Therefore, it seems that infection with
an attenuated virus affords protection from disease progression in part by inducing a
more functional CTL response in which the CD8+ T cells do not become exhausted and
survive long enough to suppress viral replication. Understanding the innate immune
pathways that lead to this type of response will enhance vaccine efforts aimed at
inducing cellular immune responses.

HIV-1 pathogenesis is also characterized by increased activation and cellular
turnover within the CD4+ T cell compartment, which results in a disruption of critical
homeostasis necessary for maintaining healthy levels of peripheral CD4+ T cells
[140,150,175]. VRC was associated with levels of CD38/HLA-DR and Ki67 on CD4+ T
cells, which in turn translated into differential disease progression within this cohort.
Interestingly, individuals infected with attenuated viruses maintained low levels of
activation and proliferation that were akin to that of HIV-uninfected individuals. This
suggests that attenuated viral replication might lead to a muted inflammatory response
that limits cellular turn over thus preserving the homeostatic signals necessary for the
replenishment of susceptible CD4+ Trm populations without the depletion of CD4+ Tcwm
cells. Low vRC was also associated with a lower viral burden in CD4+ Tcm, which is a
population characterized as being longer-lived and more stable [132,140,150]. Direct
infection of this subset might further increase immune activation, proliferation, and
disrupt critical homeostasis.

Although ART treatment has revolutionized the care of HIV-1 infected
individuals, it is a life-long treatment that has side effects, financial costs and is not
available to many who need it. These data have turned research efforts towards
discovering a cure. One of the main barriers to a sterilizing cure is the presence of a

latent viral reservoir.
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Properly followed ART regimens suppress viral loads in HIV-infected patients;
however, upon treatment interruption, viral loads rebound [102,103,146,147,241]. Thus,
ART treatment does not effectively eradicate all infected cells, and replication-competent
virus may still be present in a latent form in certain tissue compartments. Additionally,
several studies have investigated the effects of treating HIV-1 early during acute
infection. One study that has received a lot of media attention is that of the “Mississippi
baby”. This baby was born to an HIV+ mother, treated with aggressive treatment almost
immediately after birth, and then stopped receiving treatment at around 15-18 months.
Tests revealed that the child had, in fact, been infected during birth, but showed no signs
of HIV RNA or DNA after stopping treatment [392]. Although anecdotal, this case has
certainly raised our hopes about the feasibility of eradicating the reservoir early in
infection. Larger scale studies in adults have shown that a small percentage of
individuals who initiated treatment during early acute infection maintained undetectable
levels of viral load after treatment interruption [244,245]. Understanding the
mechanisms by which this occurs will provide insight into describing clinical parameters
that define when virus has been eradicated and when it might be safe to take individuals
off therapy.

The population highlighted to be integral for the maintenance of latency has been
shown to be mainly CD4+ Tcm, which have the capacity to survive for extended periods of
time, and constitute a long-lived reservoir [147]. We provide further evidence that
infection of this subset occurs early during infection, and show that viral burden in CD4+
Tcwm ultimately dictates disease progression within this cohort. Unlike previous studies,
we demonstrate that vRC of the transmitted virus impacts HIV-1 viral burden in this
compartment, and might actually impact the size of the viral reservoir, although studies
measuring viral burden within individuals on suppressive ART would be warranted in

order to definitively conclude that vRC impacts the reservoir size. Therefore, it is
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plausible to hypothesize that individuals infected with attenuated viruses might be more
easily cured due to due to the establishment of a smaller reservoir.

IL-7 has been shown to promote CD4+ T cell survival and proliferation. When
administered to HIV-infected individuals on ART, IL-7 led to the rapid proliferation of
CD4+ memory T cells and substantially increased the number of CD4+ T cells that
harbored HIV DNA [393]. We demonstrate that infection with viruses with high
replicative capacity was associated with higher levels of IL-7, which might promote
maintenance of the latent viral reservoir in these individuals. Therefore, infection with
an attenuated virus might limit the viral reservoir and make it more vulnerable to
elimination.

In summary, we highlight a previously unrecognized role for viral characteristics
in determining HIV-1 disease progression and pathogenesis. Viral replicative capacity as
defined by Gag was correlated with long-term disease progression independent of host
factors such as protective HLA-I alleles. We show that a potential mechanism for this is
the induction of differential states of immune activation based on the replicative capacity
of the transmitted virus. In fact, individuals infected with attenuated viruses displayed
immune phenotypes more similar to healthy individuals and reminiscent of non-
pathogenic SIV infection of natural hosts. These results are intriguing and perhaps
suggest a role for viral attenuation in viral-host adaptation over the course of evolution.
Understanding the mechanisms that underlie HIV-1 pathogenesis will give us insight
into what pathways might need to be targeted in order to reverse the immune

dysfunction associated with HIV-1 infection.
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Appendix Figure 1: In vitro replication of all naturally occurring residues at
the A*74-associated position 12 in Matrix engineered into WT MJ4.

(A) Site-directed mutagenesis was performed in order to engineer the naturally
occurring residues at postion 12 of matrix - 12K, 12Q, and 12E - into MJ4, which has an
N at that position. 5x105 GXR25 cells were infected with wild-type MJ4 (black), MJ4
N12Q (green), MJ4 N12K (blue), and MJ4 N12E (red) an MOI of 0.05 in triplicate and
with two independent clones. Supernatants were collected at two day intervals post
infection, and virion production quantified by a radiolabeled RT assay. The digital light

unit (DLU) values were averaged from the three replicates and two independent clones
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to create replication curves. G. Replication capacity scores were generated by calculating
the log10 slope from days 2-8 for each virus and then normalizing that value by dividing
it by the log10 slope of WT MJ4. Normalized RC scores were averaged for each virus

based on the three replicates for two independent clones.
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Appendix Figure 2: In vitro replication defects of the A*74-associated
polymorphism K12E engineered into various Gag-MJ4 sequences

(A-F) Site-directed mutagenesis was performed in order to engineer the A*74 associated
polymorphism, K12E, into six different Gag-MJ4 chimeric viruses, in which the gag gene
was derived from an acutely infected Zambian. 5 x 105 GXR25 cells were infected with
wild-type MJ4 (black), the WT Gag-MJ4 chimeras (blue), as well as the K12E mutation
for each Gag-MJ4 chimera (red) at an MOI of 0.05. Supernatants were collected at two
day intervals post infection, and virion production quantified by a radiolabeled RT assay,
and digital light unit values (DLU) plotted for each time point. G. Replication capacity
scores were generated by calculating the log,, slope from days 2-8 for each virus and
then normalizing that value by dividing it by the log,, slope of WT MJ4. The normalized
RC values for the WT Gag-MJ4 chimeras (which all naturally have a 12K residue) are
shown in solid colors, while Gag-MJ4 chimeras with the K12E mutation are shown in a
hatched pattern. Insertion of K12E into various subtype C derived gag genes can have
varying replication defects. K12E was almost lethal in some sequence contexts, while in

others, it did not have a major impact.
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A restriction enzyme based cloning method to assess the in vitro
replication capacity of HIV-1 subtype C Gag-MJ4 chimeric viruses

Manuscript in press; Journal of Visualized Experiments, 2014
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Short Abstract:

HIV-1 pathogenesis is defined by both viral characteristics and host genetic factors. Here
we describe a robust method that allows for reproducible measurements to assess the
impact of the gag gene sequence variation on the in vitro replication capacity of the

virus.

Abstract:

The protective effect of many HLA class I alleles on HIV-1 pathogenesis and disease
progression is, in part, attributed to their ability to target conserved portions of the HIV-
1 genome that escape with difficulty. Sequence changes attributed to cellular immune
pressure arise across the genome during infection, and if found within conserved regions
of the genome such as Gag, can affect the ability of the virus to replicate in vitro.
Transmission of HLA-linked polymorphisms in Gag to HLA-mismatched recipients has
been associated with reduced set point viral loads. We hypothesized this may be due to a
reduced replication capacity of the virus. Here we present a novel method for assessing
the in vitro replication of HIV-1 as influenced by the gag gene isolated from acute time
points from subtype C infected Zambians. This method uses restriction enzyme based
cloning to insert the gag gene into a common subtype C HIV-1 proviral backbone, MJ4.
This makes it more appropriate to the study of subtype C sequences than previous
recombination based methods that have assessed the in vitro replication of chronically
derived gag-pro sequences. Nevertheless, the protocol could be readily modified for
studies of viruses from other subtypes. Moreover, this protocol details a robust and
reproducible method for assessing the replication capacity of the Gag-MJ4 chimeric

viruses on a CEM-based T cell line. This method was utilized for the study of Gag-MJ4
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chimeric viruses derived from 149 subtype C acutely infected Zambians, and has allowed
for the identification of residues in Gag that affect replication. More importantly, the
implementation of this technique has facilitated a deeper understanding of how viral
replication defines parameters of early HIV-1 pathogenesis such as set point viral load

and longitudinal CD4+ T cell decline.
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Introduction:

Determining both the host and viral characteristics that influence HIV-1 pathogenesis
and disease progression is paramount for rational vaccine design. The cellular immune
response is a key component of the human immune response to HIV-1 infection.
Cytotoxic T lymphocytes (CTL) are necessary for the initial control of acute viremia, and
allow the host to establish a steady state (set point) viral load [248,249]. Experimental
depletion of these effector cells results in loss of viral control [250,394]. Despite this,
escape mutations arise within the viral genome that subvert CTL recognition of virally

infected cells [272-274,278,324].

Certain HLA alleles have been associated with lower viral loads and slower disease
progression including B*57, B*27 and B*81 [251,253,254,257,395,396]. Part of the
protective benefit of HLA class I alleles can be attributed to the fact that they target
functionally constrained regions of the genome such as Gag and select for escape
mutations that decrease the ability of the virus to replicate in vitro [259,260,328-331].
Although escape from the cellular immune system is beneficial to the virus in the context
of the selecting HLA class I allele, the effect of these mutations may have differential
consequences for the host upon transmission to an HLA-mismatched individual
[287,326]. Therefore, understanding the effects of transmitted HLA-associated escape
mutations on viral replication capacity will be important to further our understanding of

early HIV-1 pathogenesis.

While much progress has been made to identify and characterize the fitness defects of

individual escape mutations associated with specific HLA class I alleles
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[286,288,291,293,294,297], naturally occurring HIV-1 isolates have unique and complex
footprints of HLA-associated polymorphisms, likely arising from the HLA-mediated
immune pressure of different immunogenetic backgrounds [283]. In a previous analysis,
Goepfert et. al. showed that an accumulation of HLA-associated mutations in the
transmitted Gag sequences derived from 88 acutely infected Zambians was associated
with a reduction in set point viral load [320]. This suggested that the transmission of
deleterious escape mutations, specifically in Gag, to HLA-mismatched recipients
provides a clinical benefit, and may be due to attenuated viral replication. Moving
forward, it is imperative to study how complex combinations of Gag polymorphisms
within naturally occurring isolates work in concert to define characteristics of the
transmitted virus such as replication capacity, and how early replication might in turn

affect HIV-1 clinical parameters and late-stage pathogenesis.

Brockman et. al. first demonstrated a link between the replication capacity of gag-pro
sequences isolated during chronic stage infection and viral load in both subtype C and B
infections [310,312,313,334]. The experimental approach presented in these studies,
although appropriate for examining the in vitro replication capacity of sequences derived
from chronically infected individuals, has several technical caveats and limitations that
make studying HIV-1 replicative capacity in subtype C acutely infected individuals
difficult. This method relies on the recombination of population based PCR-amplified
sequences into the subtype B NL4-3 provirus, which was derived in part from LAV, a
laboratory adapted virus stock [397]. Virus generation was accomplished by co-
transfection of a CEM-based T-cell line [342] with PCR amplicons and digested delta-
gag-pro NL4-3 DNA. This method requires the outgrowth of virus over a period of
weeks to months, potentially skewing the nature of the recovered virus stock in relation

to the viral quasispecies in vivo, and therefore altering the measurement of replication
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capacity in vitro. This method is more appropriate for studying chronically infected
individuals, where it effectively selects for virus with the highest replicative capacity, and
where cloning numerous different viral variants from a large number of chronically
infected individuals is quite labor intensive and therefore not feasible. However, within
an acutely infected individual, there are generally one to two variants present, and thus
eliminating the risk of skewing the nature of the recovered virus stock, through in vitro
selection pressures, allows for a more accurate assessment of in vitro replication
capacity. Secondly, this method requires recombining subtype C gag-pro sequences into
a subtype B derived backbone, and could introduce backbone incompatibility biases into
the analysis. Due to these limitations, large numbers of sequences must be analyzed in

order to overcome any potential biases introduced.

Here we describe an alternative experimental approach appropriate for studying
sequences derived from subtype C acutely infected individuals. We use a restriction
enzyme based cloning strategy to introduce the gag gene derived from acute infection
time points of HIV-1 subtype C infected individuals into the subtype C proviral
backbone, MJ4. The use of MJ4 as a common backbone in which to clone gag genes is
crucial for the analysis of subtype C derived sequences. MJ4 is derived from a primary
isolate [337], and thus would be less likely to introduce bias due to subtype
incompatibility between the backbone and gag gene. In addition, the approach of using
enzyme based restriction cloning allows for the proviral constructs to be transfected
directly into 293T cells, and for the recovery of a clonal virus stock identical to the cloned

gag sequence.

The method presented below is a high throughput method for assessing the replication

capacity of subtype C derived Gag-MJ4 chimeric viruses. Transfection into 293T cells is
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straightforward and recovery of virus takes only three days. In vitro replication capacity
is assayed on the same CEM-CCRj5 based T-cell line created by Brockman et. al. [342],
but using important protocol modifications necessary for the successful replication of
subtype C MJ4 chimeric viruses. The use of an appropriate T-cell line rather than
PBMCs allows for large numbers of subtype C MJ4-chimeric viruses to be tested with
high assay reproducibility. Finally, using a radiolabeled reverse transcriptase assay for
quantification of virus in the supernatant is more cost effective than using commercially
available p24 ELISA kits. It also gives a higher dynamic range, which was important for
detecting both poorly and highly replicating viruses within the same assay and for

detecting subtle differences in replication between isolates.

In conclusion, the method presented here has allowed for the in-depth study of the
replication capacity of gag sequences derived from HIV-1 subtype C acutely infected
individuals from Zambia, and as written, could also be expanded to study other subtype
C infected populations. A high degree of variation in replication capacities between
different Gag isolates was observed. In addition, we were able to show a statistical
association between the replication capacity of the transmitted Gag and set point viral
load as well as with CD4+ decline over a three-year period [362]. Such results highlight
the importance of studying how transmitted viral characteristics, such as replication
capacity, interact with the host immune system to influence pathogenesis during early
infection and will be integral for developing effective vaccine interventions as well as

treatment.
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Protocol Text:

1. Amplification of the HIV-1 gag gene from infected, frozen plasma

1.1 Extract viral RNA from 140uL thawed HIV-1 infected plasma using an extraction kit.

1.1.1 When feasible, immediately proceed to ¢cDNA synthesis after RNA extraction as
unfrozen viral RNA yields the best amplification results. If possible, set up PCR master

mix for first-round DNA amplification and store at 4°C prior to viral RNA extraction.

1.2 Reverse-transcribe ¢cDNA from RNA and amplify first-round DNA products using
reverse-transcriptase and a thermostable DNA polymerase in a one-step RT-PCR. Table

1A and 1Bft

1.2.1 Take RNA out of -80°C freezer (if freezing was necessary) and briefly thaw at room
temperature then place in cold block. Transfer s5uL of RNA to each PCR tube containing
45uL of master mix to give a final volume of 50uL. Immediately place remaining RNA

samples into -80°C freezer.

1.2.2 After enzyme is added to the first-round PCR master mix (Table 1A), aliquot 45uL
into each thin-walled PCR amplification tube for the number of reactions desired. Make
sure to use PCR tubes with individual caps and not strip caps to ensure minimal cross-
contamination between samples. Place PCR tubes in a cold block to protect the
temperature sensitive RT enzyme and RNA template. Note: samples should be run in
triplicate in order to adequately sample the viral quasispecies. It is also important to

utilize a product with a high fidelity DNA polymerase enzyme in order to minimize PCR-
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introduced misincorporation. Please refer to the reagents list for the recommended

product.

1.2.3 After RNA template has been added to all reaction tubes, transfer PCR tubes to a
thermocycler for amplification using the cycler program described in Table 1B. Note: the

product of this amplification will be used in a second-round nested PCR.

1.3 Perform a nested second-round PCR amplification, using 1uL of the first round PCR

amplification (1.2) as the DNA template. Table 2A, 2Bt

1.3.1 Aliquot 49uL of second-round PCR master mix (Table 2A) to each thin-walled PCR
tube for the number of reactions desired. Transfer 1uL from the first-round PCR
amplification to each reaction tube to give a final volume of 50uL. Note: this will serve as
template DNA for the second-round amplification. It is also important to utilize a DNA
polymerase with very high fidelity and proofreading capabilities in order to minimize
PCR-introduced misincorporation. Please refer to the reagents list for the recommended

product.

1.3.2 Transfer second-round PCR reaction mix to thermocycler and run program
described in Table 2B. Note: after completion of the program, the products of this

reaction will be run on an agarose gel to confirm the production of product.

1.4 Add 3pL of 5x loading dye to 5uL of the 50uL second-round reaction volume and run
at 120V on a 1% agarose-TAE gel containing a UV-fluorescent DNA stain until bands are

resolved. Visualize 1.6kb bands on a blue light illuminator. T+ Figure 1A
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1.5 Run the remaining 45uL reaction volume on a 1% agarose-TAE gel containing a DNA

stain, and excise the appropriate bands with a clean razor blade.

1.5.1 Extract DNA from the gel slice using a gel purification kit, elute in nuclease-free

water, combine three positive reactions per individual, and freeze product at -20°C for

subsequent use.

2. Preparing gag amplicons for cloning by introduction of the necessary

restriction sites

2.1 Amplify the Long Terminal Repeat (LTR)/5” UTR portion of the MJ4 plasmid. T+

Table 3

2.2 Visualize 1.3 kb PCR products on illuminator, excise positive amplicons, gel purify

and freeze as previously described (1.4,1.5).7T Figure 1B

2.3 Create fused MJ4 LTR-gag amplicons via “splice-overlap-extension” PCR. T1 Table 4

2.4 Visualize, excise, purify and freeze the 3.2kb-long amplicons as in 1.4,1.5. 7T Figure

1C

3. Cloning amplified gag genes into the MdJ4, subtype C, infectious

molecular clone

3.1 Digest 1.5ug of MJ4 plasmid and 1.5ug of purified LTR-gag PCR product with the

Bcll (methylation sensitive) restriction endonuclease for 1.5 hours at 50°C. 1t Table 5A
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3.2 Add 1pL of NgoMIV to the digestion reaction and incubate at 37°C for 1 hour.

3.3 Add 5x loading dye to restriction digest reactions and slowly electrophorese the total
volume on a 1% agarose-TAE gel containing a DNA gel stain for 1-2 hours at 100 V.
Visualize, excise, and purify indicated bands for cloning as previously described. t+t

Figure 2

3.4 Prepare ligation reactions using purified LTR-gag insert and MJ4 vector DNA at a

3:1 insert to vector ratio. Incubate ligation reactions overnight at 4°C. T Table 5B

3.5 Transform JM109 chemically competent bacteria with ligation products and spread

on LB agar plates with 100ug/mL ampicillin and grow at 30°C for 22+ hours.

3.5.1 Thaw JM109 competent cells on ice for 15 minutes. Label 1.5mL microcentrifuge

tubes and chill on ice.

3.5.2 Aliquot 50 — 100uL of JM109 cells to pre-chilled 1.5mL microcentrifuge tubes. Add
2.5 — 5uL of ligation reaction to JM109 cells, flicking tube lightly to mix and immediately

returning to ice. Incubate competent cells with ligation product on ice for 30 minutes.

3.5.3 Heat shock 1.5mL microcentrifuge tubes containing JM109 competent cells and
ligation reaction in a 42°C heat block for 45 seconds and return to ice for at least 3

minutes.
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3.5.4 Add 50uL of SOC media to each microcentrifuge tube and plate the entire
transformation reaction onto room temperature LB-agar plates supplemented with

100oug/mL of ampicillin.

3.5.5 Transfer plates to a 30°C incubator and leave for 20 hours, or until colonies are

clearly formed.

3.6 Pick isolated colonies and grow in 4mL of LB with 100ug/mL ampicillin at 30°C for

22+ hours.

3.7 Spin down cultures at 3,200 x g for 15 min, pour off broth, and extract plasmid DNA.

3.8 To confirm cloning fidelity, cut miniprep DNA with NgoMIV and Hpal restriction
enzymes in a double digest at 37°C for 2 hours. Analyze on 1% agarose-TAE gel. Tt Table

5C.

3.9 Sequence the LTR-gag insert region of each plasmid using the following primers:

GagInnerF1, GagF2, Revi, Rev3, and GagRo6 (Table 6) to confirm sequence identity.

3.10 Compare the cloned sequences obtained with the population sequences derived
from the initial purified amplicon from 1.5.1. Note: it is important to ultimately assess
the replication capacity of two independent clones in order to ensure that any in vitro
replication phenotypes are not due to backbone errors introduced during the cloning

process.
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4. Generation and titering of replication competent Gag-MJ4 chimeric

viruses

4.1 Generate replication competent virus by transfecting 1.5ug of the chimeric MJ4
plasmid miniprep DNA into 293T cells using a 4:1 ratio of Fugene HD as described by

Prince et. al [362].

4.2 Titer harvested virus stocks on TZM-bl cells as described below and in Prince et. al

[362].

4.2.1 Plate TZM-bl cells 24 hours before infection with virus in order to have a 30-40%
confluent cell monolayer on the following day. This can usually be achieved by adding 5 x

104cells in a total volume of 8oouL per well in a 24-well plate.

4.2.2 After adding cells to the well, gently move the 24-well plate forward and back, then
side to side in order to efficiently distribute cells. Never swirl — this will result in cells

accumulating in the center of the plate.

4.2.3 The following day, prepare 1% FBS in DMEM; this will be used to dilute DEAE-
Dextran and to dilute virus stocks. Stock DEAE-Dextran is 1tomg/mL or 125X, and a final

concentration of 8oug/mL or 1X is desired.

4.2.4 Take out virus stock to be tested from -80°C freezer and place on shaker to thaw at

room temperature.
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4.2.5 Using a multichannel pipette, serially dilute virus stocks in a round-bottomed
tissue culture treated 96-well plate with lid. This is a 3-fold dilution protocol. See table 7

for the dilution scheme.

4.2.7 Remove media from seeded TZM-bl 24-well plates using a vacuum aspirator
making sure not to disturb cell monolayer. Only remove the media from one 24-well

plate at a time so that cells do not dry out.

4.2.8 Add 150uL of the 1X DEAE-Dextran + 1% FBS in DMEM mixture to each well using

a 1000uL pipette. Do not use repeat pipette as this disrupts the monolayer.

4.2.9 Add 150uL of each virus dilution to the appropriate well. Add virus to the center of
the well and swirl gently to evenly distribute virus across the cell monolayer. Incubate

infected cells for 2 hours in a tissue culture incubator at 37°C and 5% CO..

4.2.10 After the 2 hour incubation, add o.5mL 10% FBS in DMEM to each well and

return plates to incubator for an additional 48 hours.

4.2.11 After 48 hours, cells should be 100% confluent. Because MJ4 is a replication

competent virus, there will be some cell death, but this is to be expected.

4.2.12 Remove media from each well and add 40ouL/well of fixing solution (see Table
8A for recipe). Fix only one plate at a time. Add fixing solution using a 1000uL pipette,

and let sit for 5 minutes at room temperature.
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4.2.13 Remove fixing solution and wash 3x with PBS with Ca2+*/Mg?*. Use a squirt bottle
to gently add PBS to the side of the well to avoid disrupting the monolayer. After the

third wash, blot plate dry on absorbent paper.

4.2.14 Add 4o0uL/well of staining solution (see Table 8B for recipe) to each well of the
24-well plate, and incubate at 37°C for at least 2 hours. Longer incubation times are

acceptable, but incubation times should be kept consistent between titering experiments.

4.2.15 Wash 2x with PBS with Ca2*/Mg2* and score for infection, or add PBS and store at
4°C for scoring later. Plates can be kept at 4°C for up to four days, as long as the

monolayer is kept hydrated.

4.2.16 To score for infection, use a permanent marker to divide wells of the 24-well plate
into quadrants. Count all blue cells within a field of view, using a total magnification of

200X, once in each of the four quadrants of a well.

4.2.17 Compute Infectious Units per pL as follows: [(# blue cells/4) x 67]/(uL virus
added) = IU/uL. Refer to Table 8C for volume in pL of virus added to each well. Average

several wells together; the numbers should be relatively similar for an accurate titration.

5. Preparation of culture media and propagation of GXRz25 cells for in vitro

replication assay

5.1 Prepare complete RPMI (cRPMI) for propagation of GXR25 cells. Note: It is
extremely important to culture GXR25 cells at least four months prior to planned

replication experiments.™T Table 9
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5.2 Split cells 1:10 twice per week and maintain cell density between 1x105 — 2x10°

cells/mL.

6. In vitro replication of Gag-MJ4 chimeras in GXR25 (CEM-CCR5-GFP)

cells

6.1 The day before the infection, split cells to a concentration between 2 and 3x105

cells/mL so that they are in logarithmic growth on the day of the infection.

6.2 On the day of infection, remove virus stocks from -80°C freezer and thaw. Calculate
the volume of virus needed from each stock based on the IU/uL titer from TZM-bl cell
assay in order to infect 5x105 GXR25 cells at a multiplicity of infection of 0.05, using the
formula: Volume of virus for infection (uL) = 1uL/X IU x 0.05 x 500,000. Note: we have
chosen an MOI of 0.05 as this results in a logarithmic growth phase for all of the viruses
that we have tested. It is important to conduct initial experiments in order to determine

the optimal MOI to capture logarithmic growth for the virus to be tested.

6.3 Dilute virus in cRPMI to a volume of 100uL (in order to achieve a 0.05 MOI) and add
into a well of a V-Bottom tissue culture treated 96-well plate. Note: Include both a
positive (MJ4 WT infected) and a negative (mock infected cells) control in each set of
replication experiments. Set up the plate such that every other column is blank to limit
cross-contamination between wells. The positive control is imperative, as it will be used
later as a standard to normalize the replication slopes, which are a measure of the

replication rate of experimental replicates.
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6.4 Count GXR25 cells using an automated cell counter. Calculate the number of cells
needed in total for all infections (5x105 x # infections). Aliquot the required volume into
a 50mL conical tube and centrifuge to pellet cells. Always calculate for 25% more

infections than needed.

6.5 Aspirate media carefully and resuspend in cRPMI at a concentration of 5x105

cells/100uL.

6.6 Pipette cells into a sterile trough and mix thoroughly. Using a multi-channel pipette,
add 100pL of cells into each well of the 96 well plate containing the diluted virus. Mix

thoroughly.

6.7 Add 2pL of smg/mL (100x) solution of polybrene to each well and mix cells

thoroughly.

6.8 Incubate at 37°C in tissue culture incubator with 5% CO, for 3 hours.

6.9 In order to wash infected cells, centrifuge 96-well V-bottom plate to pellet cells. Then
carefully remove 150uL of the medium and replace with fresh 150uL of cRPMI without
disturbing the cell pellet. Repeat 2 more times (including centrifugation) to sufficiently

wash cells.

6.10 After the last centrifugation and addition of 150uL. cRPMI, resuspend the cell pellet
with a multichannel pipette and add the entire cell/virus mixture (approximately 200uL)
from each well independently to 8oouL of cRPMI in a well of a 24-well tissue culture

plate.
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6.11 Place plate in 5% CO. tissue culture incubator at 37°C.

6.12 Every two days, remove 100uL of supernatant from surface of culture well and
transfer to a 96-well U-bottom plate and store frozen at -80°C until running virus
quantitation assay. Note: Careful arrangement of supernatants in 96-well plates will
allow for multi-channel pipette transfer of culture supernatants during virion
quantification via a radiolabeled reverse transcriptase (RT) assay. Every plate should
contain samples from an infection standard in order to normalize inter-plate variation in

the RT assay readout.

6.13 After removing each 100ouL sample, split cells 1:2 by thoroughly resuspending cells
and removing half of the remaining volume (450uL). Restore original volume (1mL) by

adding 550uL of fresh cRPMI to each well.

7. Analysis of reverse transcriptase (RT) in cell culture supernatants.

Protocol adapted from Ostrowski et. al. [343]

7.1 Set up biological safety hood in a BSL-3 facility for use with radioactive materials.

7.1.1 Place absorbent paper in hood and replace aspirator for aspirator designated for

radioactive use. Note: all radioactive waste must be properly disposed of with accordance

to safety regulations.

7.2 Add 1-2puL of 10mCi/mL of [«-P33] dTTP and 4uL of 1M dithiothreitol to each 1mL

aliquot of RT master mix. TT Table 10 and Ostrowski et. al.[343]
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7.3 Carefully mix each 1.5 mL microcentrifuge tube of RT master mix, DTT, and [«-P33]

dTTP with a 1000uL pipette and transfer to a sterile trough.

7.4 Dispense 25uL. of labeled RT mix into each well of 96 well thin-walled PCR plate.
Note: Include space for a positive control (MJ4 WT infection) and negative control

(Mock infection).

7.5 Add 5uL of each supernatant to the PCR plate containing the RT master mix.

7.6 Seal PCR plate with adhesive foil cover and incubate for 2 hours at 37°C in a
thermocycler. For safety reasons, rinse pipette tips with Amphyl and dispose of tips in
small container containing Amphyl waste, which will later be disposed of in radioactive

waste.

7.7 After incubation, make small holes in the foil cover using a 200uL. multi-channel
pipette. Note: If pipette tips touch liquid in well, replace tips before moving to the next

column or row.

7.8 Mix samples 5 times and transfer 5uL of each sample to the DE-81 paper. Air dry 10

min.

7.9 Wash blots 5x with 1X SSC (sodium chloride, sodium citrate), and then 2x with 90%

ethanol at 5 minutes per wash. Allow to air dry.
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7.9.1 Place each blot in a separate washing container, such as a sandwich storage box,

add enough wash buffer (1X SSC or 90% EtOH) to cover blot, and shake for 5 min.

7.9.2 Pour off wash buffer into separate container and repeat. Note: The first 3 washes
are considered radioactive and should be disposed of properly. The last 2 washes can be

disposed of regularly.

7.10 Once dry, carefully wrap blot in saran wrap and expose to a phosphoscreen in a

tightly sealed cassette overnight at room temperature.

7.11 Analyze phosphoscreens with a phosphorimager and quantify radioactive

transcripts.

7.12 Draw a circle around each radioactive signal using OptiQuant software. Graph the

Digital Light Unit (DLU) values to generate replication curves.

7.13 In order to generate replication capacity scores, DLU values were log;,-transformed
and slopes were calculated using the day 2, 4, and 6 time points. Replication slopes are
then divided by the slope of WT MJ4 in order generate replication capacity scores. It is
important to normalize based on the MJ4 WT values obtained from the same RT plate to

reduce intra-assay variability.
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Representative Results:

In order to properly execute this protocol, which creates a proviral plasmid capable of
assembling fully functional, infectious Gag-MJ4 chimeras, great care must be taken to
generate the appropriate PCR amplicons. Determining whether the PCR has generated
the appropriately sized gag amplicon is crucial. Products should be within 100 base pairs
(bp) of the approximately 1,700 bp amplicon depicted in Figure 1A. The exact length of
this fragment will vary depending on the gag gene under study. Next, the 5’ long
terminal repeat (LTR) portion of the MJ4 molecular clone must be amplified and spliced
to the gag amplicon in order to make it suitable for subsequent cloning. The MJ4 LTR
amplicon should be 1,474 bp in length. Figure 1B shows a representative gel image for
which correct band sizes are indicated. After the splice-overlap-extension PCR [398],
combined LTR-gag products should be approximately 3,200 bp in length, as depicted in

Figure 1C.

Once the gag gene has been made suitable for cloning by fusion to the 5 LTR from MJ4,
which contains the necessary NgoMIV restriction site, both vector and gag insert must
be digested with NgoMIV and Bcll restriction enzymes and excised from an agarose gel
after electrophoretic separation. It is imperative to excise the appropriate vector and
insert bands. A representative gel is shown in Figure 2. The vector portion of the MJ4
plasmid should be approximately 10,000 bp in length, while the LTR-gag insert should
remain at approximately 3,000 bp in length, as the restriction sites are located at the
extreme ends of the amplicon. Any significant decrease in size will indicate an additional
cut-site within the gag gene under study.

Following ligation of the two fragments, bacterial transformation, and isolation of

plasmid DNA, the Gag-MJ4 chimeras must be checked for appropriate size by
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performing a double digest with NgoMIV and Hpal restriction enzymes. Full-length Gag-
MJ4 chimeras that have not incurred any deletion events during bacterial replication
should have a restriction pattern similar to that depicted in Figure 3, with two bands of

approximately 8,700 and 4,300 bp.

An important distinction of this protocol compared to previous approaches, is the use of
the HIV-1 subtype C infectious molecular clone, MJ4, rather than the more common
laboratory-adapted NL4-3 virus. However, the approaches described in the previous

section could be modified for cloning of subtype B gag sequences into pNL4-3.

An optimization of the multiplicity of infection (MOI) for use in subsequent experiments
was performed in order to select the ideal MOI that showed logarithmic growth of a
majority of the viruses tested. Figure 4 depicts representative replication curves from
three different MOIs (0.01, 0.05, and 0.25) for MJ4 (Figure 4A) as well as for NL4.3
(Figure 4B). MJ4 replicates much less efficiently in GXR25 cells than NL4-3, which is
important to take into account, as an MOI appropriate for NL4-3 replication would likely
be too low to detect efficient MJ4 replication. As seen in Figure 4A, an MOI of 0.05 as
opposed to 0.01 or 0.25, was the ideal choice, because logarithmic growth was observed
between days 2-6 for MJ4. For the lower MOI, 0.01, day 6 DLU values are barely
detectable, and we anticipated the generation of Gag-MJ4 chimeric viruses that
replicated lower than MJ4. Therefore this MOI would not capture the growth of the more
attenuated Gag-MJ4 chimeras, which may also be the most biologically critical.
Additionally, an MOI of 0.25 was not ideal, because the rapid kinetics of viral replication
killed a substantial amount of cells even by day 4. This causes the replication curve to
plateau, and calculating a slope based on a curve such as this would underestimate the

replication capacity. Based on curves generated for NL4-3, even at an MOI of 0.01,
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available cell targets have been noticeably exhausted by day 6 post infection. In
conclusion, an MOI of 0.05 was found to be optimal for a large panel of Gag-MJ4
chimeric viruses, all of which had diverse Gag sequences and varying degrees of

replication.

A total of 149 Gag-MJ4 chimeric viruses derived from acute subtype C Gag sequences
have been tested for in vitro replication using this assay. The normalized RC values
ranged from 0.01 to over 3.5 with some viruses replicating more than 100 times more
efficiently than wild-type MJ4. Figure 5 shows the replication curves from nine
representative Gag-MJ4 chimeric viruses, with wild-type MJ4 depicted in red, and
demonstrates the wide range of replication capacities observed. Thus, the sequence
diversity within the gag gene alone can drastically impact the ability of the virus to
replicate in vitro. While this is representative of Gag-MJ4 chimeric viruses derived from
acutely infected Zambians, other subtype C sequences have not been extensively tested,
and may exhibit different replication kinetics. Therefore, great care must be taken to
optimize the MOI to suit the specific replication of the viruses of a particular study,
because there can be a wide range in the levels of replication between different HIV-1

backbones and Gag isolates.

One of the advantages of using a T-cell line such as the GXR25 cell line, that supports the
replication of MJ4, is the level of reproducibility observed relative to replication
experiments using stimulated peripheral blood mononuclear cells as targets. In initial
optimization experiments, MJ4 wild type exhibited an intra-assay variability of 8.7%,
and different clones of the same Gag-MJ4 chimeric virus exhibited variability in
replication of 8.5%. Because different master mixes and phosphoscreen exposures may

give DLU values that differ slightly in magnitude, intra-assay variability can further be
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controlled by running the same virus standard (in our case wild-type MJ4) in each RT
assay plate. Figure 6 graphs the DLU values derived from the same MJ4 infection,
quantified in eight different RT plates. Normalizing to a virus that is common to all RT
assays can help to mitigate potential error induced by these slight changes in signal

magnitude between assays.

Inter-assay variably was also tested and replicates repeated on different days were highly
correlated. Figure 7 plots the normalized RC score values from two independent
experiments performed approximately one year apart. A high degree of correlation with
the absence of major outliers (R2 = 0.873) was observed between the two independent

replicates.

Although highly correlated, there is some variability in the overall magnitude of
replication kinetics between the two independent experiments. This can be attributed in
part to the difference in passage numbers between the GXR25 cells stocks used in each
experiment. In general, GXR25 cells stocks that have been passaged for a period of time
greater than 6 months tend to support more efficient replication of Gag-MJ4 chimeras.
Therefore, it is advisable to assess replication capacity among groups of chimeras within
a one-month time frame. When the previous steps are followed closely, this assay is
capable of producing highly robust and reproducible results, which are applicable to a

wide range of studies.
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Figure 1. Representative gel images depicting electrophoretic separation of
PCR products. For all PCR products, 5uL of each 50uL reaction was mixed with 3uL of
5x loading dye, loaded into a 1% agarose-TAE gel supplemented with 1X SYBR-safe DNA
gel stain, and separated by electrophoresis at 120V for 45 minutes. The Promega 1kb
DNA ladder (Lane 1) was used to approximate amplicon sizes (A) The gag gene was
amplified from viral RNA using a nested PCR approach. Due to insertions and deletions,
the gag amplicon may vary from 1600 — 1700 bp in length and appears slightly above the
1,500 bp DNA ladder marker. Lanes 2 — 5 depict successful gag gene amplification. (B)
The 5° LTR of MJ4 was amplified from the wild-type MJ4 plasmid and visualized via
electrophoretic separation. Lanes 2 — 5 depict successful amplification of the 1,474 bp
LTR product, which appears slightly below the 1,500 bp DNA ladder marker. (C) The 5’
LTR derived from wild-type MJ4 and the gag gene amplified from patient plasma are
fused together via splice-overlap-extension PCR and visualized via electrophoretic
separation. Lanes 2 — 5 depict successfully fused amplicons that are approximately 3,200

bp in size, and which appear slightly above the 3,000 bp DNA ladder marker.



243

S MJ4 Vector 10,000

YS! — LTR-gag 2,900

Figure 2. Representative gel image depicting electrophoretic separation of
restriction digests for cloning patient gag genes into MJ4. Wild-type MJ4
plasmid and LTR-gag fusion products were digested with BclI for 1.5 hours at 50°C and
NgoMIV for 1 hour at 37°C. Vector and insert fragments were visualized via
electrophoretic separation on a 1% agarose-TAE gel supplemented with 1X SYBR-safe
DNA gel stain at 100V for 2 hours and using a blue light illuminator in order to reduce
UV-induced DNA damage. The vector and insert fragments suitable for subsequent

cloning steps appear at approximately 10,000 bp and 2,900 bp respectively.
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Figure 3. Representative gel image depicting electrophoretic separation of
restriction digests of purified Gag-MJ4 chimera plasmid DNA. Purified Gag-
MJ4 chimera plasmid DNA was double-digested with NgoMIV and Hpal restriction
enzymes for 2 hours at 37°C. Restriction digests were visualized via electrophoretic
separation on a 1% agarose-TAE gel supplemented with 1X SYBR-safe DNA gel stain at
120V for 45 minutes. Plasmids without large deletions will resolve to two distinct bands

at approximately 8,700 and 4,300 bp.
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Figure 4. Replication of MJ4 and NL4-3 isolates of HIV-1 in the GXR25 cell
line at different multiplicities of infection (MOI). 5x105 GXR25 cells were
infected as described in the method protocol with 5-fold increasing MOI of each virus
stock. Supernatants were collected on days 2, 4, 6, and 8 post infection and virion
production was quantified via a radiolabeled reverse transcriptase assay. Infections were
run in triplicate and error bars denote the standard deviation for the three replicates.

(A) MJ4 (B) NL4-3.
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Figure 5. Representative range of replication for different Gag-MJ4
chimeras.

As described in the method protocol, 5x105 GXR25 cells were infected with wild-type
MJ4 or Gag-MJ4 chimeras at an MOI of 0.05, supernatants were collected at two day
intervals post infection, and virion production quantified by a radiolabeled RT assay.
Insertion of various subtype C derived gag genes can have a dramatic impact on the

replication capacity of MJ4. Wild-type MJ4 replication is denoted in red.
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Figure 6. Comparison of intra-assay variation in the radiolabeled reverse
transcriptase (RT) quantification assay. The graph depicts inherent intra-assay
variability by plotting the DLU values of the same supernatants from a single wild-type
MJ4 infection in eight different RT assay plates. The variation in curves reflects the
slight changes in signal magnitude between plates, which can be corrected for by running
a standard on each RT plate, which can be subsequently used to normalize the slopes of

Gag-MJ4 chimeras assayed on the same plate.
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Figure 7. Reproducibility of the replication assay over time in the GXR25 cell
line. The same Gag-MJ4 chimeric viruses were used to infect GXR25 cells in two
independent experiments performed approximately one year apart. Replication scores
were generated by calculating the slope of log-transformed DLU values and normalizing
that slope to wild-type MJ4. Gag-MJ4 chimeras that replicate more efficiently than wild-
type MJ4 have replication scores greater than 1, and those that replicate less efficiently
than wild-type MJ4 have replication scores less than 1. The two independent
measurements are strongly correlated (R> = 0.87, linear regression) and highlight the
reproducibility of assays performed at different times and with cells at different

passages.
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Discussion:

Due to the length and technical nature of this protocol, there are several steps that are
critical for both the successful construction of chimeric Gag-MJ4 plasmids as well as for
quantification of viral replication capacity. Although the restriction enzyme based
cloning strategy for the introduction of foreign gag genes into MJ4 outlined in this
protocol has numerous advantages over previously used recombination based methods,

the protocol can be technically challenging if critical steps are not followed precisely.

First, it is absolutely essential to use MJ4 plasmid DNA that has been generated in a
competent bacterial strain lacking the dem and dam DNA methylases. This is necessary
as the enzymatic activity of the Bcll restriction endonuclease, which is used to clone gag
genes into the MJ4 backbone, is dam/dcm methylation sensitive. The JM110 and SCS110
(an endA negative JM110 derivative) E. coli strains are suitable for generating
unmethylated MJ4 plasmid DNA. Additionally, for the excision of vector and insert
bands, it is highly recommended that a blue light illuminator be used for visualization.
This will reduce UV wavelength-dependent DNA damage and drastically increase cloning
efficiency. If a blue light illuminator is unavailable, cloning efficiency can be maximized
by visualizing DNA with SYBR Safe DNA gel stain instead of ethidium bromide and

minimizing UV exposure time.

Finally, molecular cloning with large (>10kb) and/or retroviral plasmids such as MJ4
has traditionally been difficult for a variety of reasons. Large plasmids reduce
transformation efficiency of competent bacterial strains[399] while retroviral inserts,
which contain long terminal repeat (LTR) sequences, reduce stability of the plasmid and
compromise replication fidelity of the plasmid DNA within the bacterial host leading to

deletions of the retroviral genome [400]. Bacteria transformed with MJ4 or Gag-MJ4
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plasmid products must be grown at 30°C rather than the traditional 37°C for most
protocols. Recovery steps after heat shock transformation, growth of transformed
bacteria on agar plates, and growth of bacterial colonies in liquid culture should all be
performed at 30°C. This lower temperature reduces the growth rate of the bacteria and
thus helps to ensure replication fidelity of the MJ4 plasmid. Additionally, replication of
the MJ4 plasmid is more stable when using the JM109 E. coli strain over the DH5za
strain, in our hands. Due to unstable nature of the plasmid, purified plasmid products
should always be checked for correct plasmid size by restriction enzyme digestion; here,
a double digest with the NgoMIV and Hpal restriction endonucleases at 37°C for 2

hours.

Once successful generation of chimeric Gag-MJ4 plasmids has been accomplished, virus
is generated via transfection of 293T cells, titered on an indicator cell line, TZM-bl cells,
and replication capacity is measured using a CEM-based T cell line. The CEM-based
GXRa25 cell line used for these replication studies is one of the few established T cell lines
able to support entry and replication of CCR5-tropic strains of HIV-1. This has been
achieved by retroviral transduction to allow stable expression of human CCRj5 [342].
This cell line naturally expresses CXCR4 and will support replication of CXCR4-tropic
HIV-1, such as the laboratory-adapted strain NL4-3. However, in order to support
efficient replication of CCR5-tropic strains, such as MJ4, the GXR25 cells must be
propagated for no less than 4 months prior to infection. Properly passaged cultures can
support replication even after passaging for up to 1 year. Careful monitoring of CCR5-

tropic replication throughout passaging is essential for successful experiments.

As with any technique, there are limitations to the protocol that must be considered. Due

to the location of restriction sites in the MJ4 plasmid as well as the availability of
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conserved restriction sites in naturally occurring HIV-1 isolates, the 3’ distal restriction
site, Bcll, is located 137 nucleotides from the gag stop codon. Although this generates a
chimeric protease gene, this region is 96.5% conserved in this cohort, and we did not

observe an abundance of dead or defective chimeric viruses.

One of the advantages of using the MJ4 subtype C infectious molecular clone with
subtype C derived sequences is that it reduces the risk of suboptimal gene pairing
between gag genes and backbone vectors of different subtypes. However, a certain
amount of within-clade diversity exists as evidenced by the clustering of HIV-1 sequences
by country or region even when found within the same subtype [320]. This could
contribute to suboptimal pairing between the gag genes derived from acutely infected
Zambians and the MJ4 infectious molecular clone backbone, which was derived from a
chronically infected individual from Botswana [337]. However, a majority of the
analyzed constructs produced infectious progeny virus. As different HIV-1 subtype C
infectious molecular clones become more widely available, it will be important to further
validate this system by cloning in these HIV-1 clade C gag genes into other backbones in
order to ensure that there is a minimal bias introduced due to backbone

incompatibilities.

The GXR25 cell line is a unique cell line, specifically due to its ability to support both
CXCR4 and CCR5-tropic strains and its HIV-1 inducible GFP reporter [342]. However,
some limitations exist and should be carefully considered before using this cell line for
experiments adapted from this protocol. The GXR25 cell line does not appear to support
entry of a majority of subtype C or A, CCR5-tropic, primary isolates we have tested.
Additionally, the parent CEM cell line from which the GXR25 cell line was derived

exhibits high levels of cyclophilin A, up to 2 to 4-fold higher expression than the Jurkat



252

cell line [401]. Due to high levels of cyclophilin A, the replication defect normally
associated with the canonical HLA-B*57 associated escape mutation, T242N, which is
attributed to a decreased ability of capsid to bind cyclophilin A, cannot be easily detected
in this particular cell line [286]. Thus the CEM-based GXR25 cell line is not ideal for
studying replication defects associated with mutations in the HIV-1 capsid cyclophilin-

binding loop.

Finally, while this protocol is ideal for analyzing the replication capacity of gag
sequences derived from acute time points, modifications must be made in order to study
the replication capacity of gag genes derived from chronically infected individuals. This
protocol involves the amplification of population sequences from acute time points
(median 45 days post estimated date of infection) when viral diversity is limited. The gag
gene from each chimera is then sequenced and compared to the initial population PCR
amplicon to ensure cloning fidelity. Due to limited sequence diversity at acute time
points, cloning from population PCR products is possible. However, sequence diversity
exists within the viral quasispecies of a chronically infected individual; therefore, in
order to accurately assess the replication capacity of the chronic quasispecies, single
genome amplification must be employed to capture several representative variants.

Each of these variants must then be assayed for in vitro replication.

This technique has several broader applications, which stem from its advantages over
existing methods. Since this process results in a clonal replication competent plasmid, it
is simple to use constructs for additional mutagenesis studies, which can help to
elucidate the contributions of specific residues to viral replication. Furthermore, by

cloning in gag genes from longitudinal time points, one can assess the evolution of viral
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replication capacity over time and how these changes may affect pathogenesis in an HIV-

1 infected individual.

This technique can be modified in order to expand its utility for different applications.
Additional HIV-1 viral proteins can be engineered into the MJ4 plasmid in order to
assess their effects on viral replication or their interactions with host proteins. This can
be accomplished by engineering additional restrictions sites at desired regions in the
genome through the introduction of silent nucleotide changes. However, special
consideration must be taken when engineering novel restriction sites into the 3’ half of
the HIV-1 genome as many accessory proteins are encoded in alternate reading frames,
and silent changes in one protein could lead to amino acid substitutions in another. In
this instance, restriction site independent cloning methods such as those discussed by
Dudley et al.[402] may overcome this limitation. Viral sequences derived from different
populations may have varying ranges of replication capacities, and the MOI can be
adjusted accordingly in order to capture the majority of viral isolates within their
logarithmic phase of growth. Finally, the GXR25 cell line has been stably transfected
with GFP under an LTR-driven, Tat-inducible promoter, and viral spread can be
measured as a function of GFP positive cells via flow cytometry [342] as an alternative to

the RT assay described here or a traditional p24 ELISA.

In conclusion, this protocol provides an efficient and powerful technique for assessing
HIV-1 viral replication as conferred by the gag gene, which encodes a conserved
structural protein necessary for proper virion formation, budding, maturation, and
disassembly [91,95,352]. Furthermore, this technique generates a replication competent
clonal plasmid, which is ideal for mutagenesis studies and, thus, provides a method for

elucidating the specific amino acid determinants of viral fitness. Studies such as these
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are imperative to enhance the understanding of how immune-driven viral evolution

affects pathogenesis and disease progression in HIV-1 infected individuals.
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