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Restriction factors are an important component of the innate immune response
against primate lentiviruses like human immunodeficiency virus (HIV) and simian
immunodeficiency viruses (SIV). While they inhibit various steps of the viral replication
cycle, lentiviruses have consequently developed strategies to antagonize this restriction.
Studying the co-evolution of host restriction factors and their viral antagonists can reveal
mechanisms behind viral adaptation to host species. Furthermore, such study can also
allow us to appreciate the utility of encoding a diverse repertoire of restriction factors
and observe how these loci have evolved over evolutionary time. Genes in the
APOBECS3 family encode cytidine deaminases that can provide a barrier against both
retroviruses and retroelements. These enzymes are packaged into budding virions and
hypermutate viral genomes upon infection of a new cell. Of all APOBECS3 genes in
humans, APOBEC3H (A3H) is the most polymorphic. Some haplotypes encode stable
and active A3H proteins, while others are unstable and poorly antiviral. Such variation in
human A3H affects interactions with the lentiviral antagonist Vif, which counteracts ASH
via proteasomal degradation. While vif can evolve to antagonize stable and active A3H,

not all HIV-1 strains encode Vif proteins that are capable of recognizing and degrading



A3H. In order to broaden our understanding of A3H-Vif interactions, as well as its
evolution in Old World monkeys, | characterized A3H variation within four African green
monkey (AGM) subspecies, which are natural hosts of SIV. | found that A3H is highly
polymorphic in AGMs and has independently lost antiviral activity in multiple Old World
monkeys. This loss of function was partially related to protein expression levels but was
also influenced by amino acid mutations in the N-terminus. Lower packaging efficiency
was additionally observed in AGM A3H after its divergence from the most recent
common ancestor with patas monkeys. Moreover, | demonstrate that the evolution of
A3H in the primate lineages leading to AGMs was not driven by Vif. This work suggests
that activity of A3H is evolutionarily dynamic and may have a negative effect on host

fitness, resulting in its recurrent loss in primates.
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Chapter 1. Introduction

Viruses are ubiquitous in nature, in the air we breathe and our planet’s oceans.
Every living thing on Earth, from animals to bacteria, can be infected by a virus. Viruses
themselves, though their classification as living or non-living is under debate, can further
be infected by virophages. As obligate intracellular parasites, they are dependent on a
host for production and can ultimately have negative effects on that host. The first virus
discovered, Tobacco mosaic virus, was identified in the late 1800s due to discolored
and mottled patterns observed on tobacco leaves [1, 2]. Since then, thousands of
viruses have been characterized and our understanding of their biology has led to
revelations regarding the development of vaccines and gene therapies. Using viruses,
scientists have also made enormous strides to understand cellular processes, genetics,
and the evolution of life [3].

To date, more than 220 virus species, including those that are capable of causing
disease, are known to infect humans [4]. Humans come into contact with a wide range
of viruses on a daily basis, many of which are nonpathogenic to humans.
Bacteriophages, for example, are found in human intestines and can infect the bacteria
composing a portion of our microbiome, but are incapable of replicating in human cells
[5]. Additionally, other viruses with human tropism, like human pegivirus, have no known
association with any disease [6]. Nonpathogenic viruses may be advantageous to
human health. Bacteriophages can help regulate the human microbiome [7] and human
pegivirus has been associated with beneficial effects during infection with other viruses

[6].
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However, humans are susceptible to numerous pathogenic viruses as well. The
first defined pathogenic human virus was yellow fever virus, discovered in 1900 [10].
Since then, hundreds of viruses associated with disease have been described, such as
Ebola virus, dengue virus, and polio. Some infections are quickly suppressed by the
immune system before disease can manifest, while others go on to cause illness.
Though many viruses, such as hepatitis B virus, are thought to share a long
evolutionary history with humans [8, 9], several are newly emerging.

Certain viruses, like polio, circulate only in humans. Others are also present in
animal reservoirs, like Ebola and dengue virus. When viruses from animal reservoirs
cross the species barrier and infect humans, they are called zoonoses or zoonotic
viruses. Transmission of zoonotic viruses from animal reservoirs to humans often
requires viral adaptation to barriers against infection to support replication and
transmission in new hosts. For instance, adaptation of severe active respiratory
syndrome coronavirus (SARS-CoV) to the host receptor ACE2 in humans and palm
civets allowed for cross-species transmission of the virus from bats to cause the 2002 —
2003 SARS outbreak [11-13]. Additionally, avian influenza virus polymerases require
adaptive mutations to overcome defects in viral replication upon infection of human cells
[14]. Influenza viruses also encode an interferon antagonist, NS1, that binds to host
protein TRIM25 in a species-specific manner, which may play a role in host adaptation
[15]. Similarly, Marburg virus protein VP40 and dengue virus protein NS5 both

antagonize components of the interferon signaling pathway in humans but cannot



counteract alleles found in mice [16, 17], although these have not been investigated in
the context of cross-species transmission.

Viruses are best adapted to counteract defenses from their natural hosts, though
the culmination of many factors, including viral diversity, can result in cross-species
transmission. Cross-species transmissions, while rare, can ultimately lead to novel
disease outbreaks in humans that may spread around the globe and place countless

lives at risk.

Origins of Human Immunodeficiency Virus

One prominent example of a cross-species transmission with a substantial
impact on human health is the human immunodeficiency virus (HIV) pandemic. More
than 30 years after the initial discovery of HIV, it still poses a significant public health
threat. According to the World Health Organization, 36.7 million people around the world
are currently living with the virus, with 1.8 million new infections and 1 million deaths in
2016 alone. While all countries are affected by the pandemic, the greatest disease

burden is in sub-Saharan Africa, which accounts for a large portion of cases (Figure 1).
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Figure 1. World Map of Prevalence of HIV Infection
Data are from UNAIDS, UNICEF (www.unicef.org), and the World Bank (www.worldbank.org). Reproduced with
permission from [18], copyright Massachusetts Medical Society.

HIV belongs to the lentivirus genus of the virus family Retroviridae, a group of
viruses that reverse transcribe viral RNA into DNA and integrate into host genomes.
Lentiviruses infect a broad range of mammals, including sheep, horses, cattle, felines,
and primates, to cause chronic and deadly diseases (Figure 2 and Figure 3; [19]). HIV,
for instance, preferentially infects adaptive immune cells, particularly CD4+ T-cells [20].
The virus can also exist silently, hidden from host immune responses for an extended
period of time after viral integration into the genome of long-lived cells, such as memory
T-cells. If left untreated by antiretroviral therapies, chronic HIV infection causes wide-
spread immune cell death and progressive failure of immune defenses, called acquired

immunodeficiency syndrome (AIDS).
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At the beginning of the 1980s, increasing numbers of young homosexual men in
the United States were diagnosed with malignancies rarely seen in immunocompetent
individuals. Patients who had abused intravenous drugs or received blood transfusions
were later also diagnosed with this new syndrome. AIDS appeared to be a long-lasting
disease, beginning years after exposure to the agent via blood or during sex. Patients
were burdened with an onslaught of opportunistic infections and cancer, tied to a drastic
decrease in protective CD4+ T cells. In late 1983, the retrovirus HIV, initially called
lymphoadenopathy-associated virus, was identified as the causative agent [21-23]. This
led to an explosion of research to characterize the virus and its origins, its interactions
with hosts, and to develop treatments. To date, effective prophylactic or therapeutic
vaccines have still not been developed, although the implementation of current
antiretroviral treatments has vastly improved the lifespan of HIV+ patients [20].

While the first cases of HIV were described in the U.S., it was soon after
discovered in African populations [24-26]. The genetic diversity of viruses isolated from
Africa has exceeded those from other continents and form phylogenetic outgroups to
these strains, suggesting that the origins of the pandemic lay in Central Africa [27-29].
The presence of an AIDS-like disease in rhesus macaques (SIVmac) further led to the
discovery that HIV infections had emerged in humans as a consequence of simian
immunodeficiency virus (SIV) cross-species transmission from African primates (Figure
2; [30-32]). Two types of HIV circulate in humans, HIV-1 and HIV-2, although HIV-1 has
infected the most people worldwide. Collectively, HIV-1 is comprised of four distinct

groups: M, N, O, and P, each of which arose from a cross-species transmission from
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west African chimpanzees (M and N; SIVcpz; [33, 34]) or gorillas (O and P; SIVgor; [35,

36]). HIV-2, on the other hand, describes several virus groups (A — H) that resulted from
multiple cross-species transmissions from sooty mangabeys (SIVsmm; [37]). HIV-1
group M is responsible for the global pandemic and likely originated from a single
transmission from chimpanzees to humans, possibly in Cameroon [33, 34], which gave
rise to the current epidemic after reaching Kinshasa, located in the Democratic Republic
of Congo [27]. The remaining subtypes have generally been limited to a handful of
cases in Cameroon and its neighboring countries. The overall success of HIV-1 group M
over its close relatives appears to be associated with various viral characteristics, as it
is more pathogenic than viral strains from other groups [38].

Adaptation to host species in the previous cross-species transmissions that gave
rise to HIV-1 may have allowed the virus to acquire adaptations that are better suited for
replication and transmission in hominoid species [39]. SIVcpz arose from a cross-
species transmission from viruses originally found in red-capped mangabeys (SIVrcm)
and guenons (SIVmus/mon/gsn) [40]. In chimpanzees, SIVcpz acquired changes that
allowed the virus to escape host immune factors and establish infection in hominoid
species, thus resulting in one of the most devastating infectious disease outbreaks in

humans.
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Figure 2. Origins of HIV infections from multiple cross-species transmissions of nonhuman primate SIV
Transmission of SIV from Old World monkeys (left) gave rise to SIVcpz in chimpanzees, which was subsequently
transmitted to gorillas (SIVgor) and humans (HIV-1, black, groups M and N). Cross-species transmission from gorillas
to humans resulted in HIV-1 groups O and P. SIV strains from sooty mangabeys (SIVsmm) have also been
transmitted to humans on multiple occasions, resulting in HIV-2 groups A — H (blue).

Simian immunodeficiency viruses in African primates

More than 40 African nonhuman primate species are infected with species-
specific SIV strains in the wild (Figure 3) [41]. The relationships between African
primates and SIVs have occurred for millions of years, supported by the observation
that host proteins directly involved in the innate immune response to lentiviruses have
ancient signals of virus driven evolution [42-46]. Unlike HIV in humans or SIVcpz in
chimpanzees, SIV infection of natural hosts does not cause immunodeficiency despite
high levels of viral replication [47-49]. This suggests that co-evolution between viruses
and hosts may have allowed the virus to become less pathogenic in its natural host and

progression to AIDS may be the early result of SIV host switching. Evidence has shown



that natural hosts have evolved more effective means, such as disparate adaptive
immune responses to non-natural hosts, to control viral infection so that it does not
advance to AIDS (Figure 4; [50, 51]).

Studying SIV infection of natural hosts can provide extensive information
concerning the mechanisms behind the observed lack of disease progression [52-55].
Due to their abundant availability in primate centers around the world, African green
monkeys are the best studied natural SIV hosts compared to other primate species.
Additionally, sooty mangabeys have been intensely studied in the context of natural SIV
infection. Natural infections do share characteristics with their pathogenic counterparts,
such as high viremia [47-49], high levels of immune activation [56, 57], and a significant
loss of mucosal CD4+ T-cells [58, 59] during active infection. Furthermore, adaptive
immune responses are unable to control virus replication throughout infection, as viral
loads between natural hosts and humans are similar, demonstrating that resistance to
AIDS is independent of such host defenses [60]. However, lack of progression to AIDS
is tied to a number of traits that are specific to natural hosts (Figure 4). An abundance of
CD4+ T-cells in the periphery of natural SIV hosts are preserved during infection and
memory cells, generally thought to be part of the latent reservoir in humans, are spared
from viral infection [61]. Moreover, the architecture of mucosal immune responses and
lymph nodes are preserved. A lack of chronic immune activation is also observed in
African green monkeys and sooty mangabeys, thus potentially protecting the animals
from developing an AIDS-like illness [61]. A better understanding of the

immunomodulatory adaptations seen in natural hosts will be instrumental for



innovations regarding the development of anti-HIV-1 therapies. Additionally, exploring
the innate immune barriers that lentiviruses must first subvert before establishing

chronic infection may aid advancements in preventative measures.
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Figure 3. Phylogeny of lentiviruses

The evolutionary relationships among Pol sequences (~770 amino acids) derived from various mammalian
lentiviruses; host species are indicated at the right. Exogenous viruses are depicted in black, with HIV-1, HIV-2,
and SIVmac highlighted in red; endogenous viruses are shown in purple. The phylogenetic tree was estimated
using maximum likelihood methods [62]. The scale bar represents 0.10 amino acid replacements per site.
Reprinted with permission from [63], copyright Cold Spring Harbor Laboratory Press.
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TRENDS in Immunology

Figure 4. Comparison of events associated with natural simian immunodeficiency virus (SIV) infection
and pathogenic SIV and HIV-1 infection

Differences in host response to infection are responsible for the outcome of the infection: a balanced host
response in natural infection (left side) shuts down most of the factors that have deleterious consequences for
the infected hosts (immune activation, apoptosis, excessive inflammation, enteropathy). In pathogenic infections,
excessive host responses result in mucosal damage and consequent translocation of gut microbial products,
immune system exhaustion and progression to AIDS (right side). Red boxes indicate deleterious events,
whereas green boxes beneficial ones. Reprinted with permission from [53] under license number
4372760850787.

Lentiviral restriction factors

All forms of life have evolved powerful mechanisms to restrict pathogenic
infections. Part of the innate immune response to lentiviral infection in mammals is
comprised of a group of host proteins called restriction factors [64-67]. In general,
restriction factors are constitutively expressed in host cells but they can often be

upregulated by interferon signaling upon viral infection [68]. Deletion of restriction
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factors in mouse models generally does not have a phenotype, although an increase in
susceptibility to viral infection is observed [69]. This suggests that most restriction
factors only function to protect the host from viral infection. These proteins act at various
steps of the viral replication cycle, including viral entry (TRIM5a.), reverse transcription
(APOBEC3 and SAMHD1), or viral budding (tetherin), and are thus the first-line of

defense against infection (Figure 5).
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Figure 5. HIV-1 restriction and resistance factors

In the absence of virally encoded antagonists (or viral escape), host cell proteins called HIV-1 restriction factors
(yellow) inhibit various stages of the replication cycle. The tripartite motif-containing protein 5a (TRIM5a) promotes
accelerated fragmentation of viral cores, preventing cDNA synthesis. SAM and HD domain-containing protein 1
(SAMHD1) depletes the cellular levels of 2’-deoxynucleoside 5’-triphosphates (ANTPs), which are required for
efficient cDNA synthesis. APOBEC3 (apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3) proteins
interfere with the processivity of HIV-1 reverse transcriptase and induce hypermutation of viral cDNA by cytidine
deamination. Tetherin prevents the release of budded virions from the infected cell. Several viral proteins (blue)
antagonize these cellular restriction factors. Viral infectivity factor (Vif) antagonizes APOBEC3 proteins, viral protein
unique (Vpu) antagonizes tetherin, and the HIV-2 viral protein X (Vpx) antagonizes SAMHD1. HIV-1 resistance
factors (brown) inhibit other stages of viral replication and are not counteracted by the virus. Myxovirus resistance 2
(MX2) prevents the nuclear import and integration of viral cDNA. Schlafen 11 (SLFN11) suppresses the translation of
viral proteins. Interferon-induced transmembrane proteins (IFITMs) inhibit viral entry by interfering with membrane
fusion. dsDNA, double-stranded DNA; gRNA, viral genomic RNA; LTR, long terminal repeat; ssDNA, single-stranded
DNA. Reprinted with permission from [70] under license number 4372740964616.
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Primate lentiviruses must adapt to evade host innate immune responses to
establish infection in new hosts [65, 71]. In some cases, lentiviruses have acquired
mutations in either protein targets or accessory proteins, such as vif, vpx/vpr, or nef, to
counteract the host immune response (Figure 5). Here, | describe well-characterized
examples of lentiviral restriction factors and viral evasion strategies.

TRIM5a is part of the tripartite motif (TRIM) containing protein family, and thus
far it has been characterized as the most potently antiviral of that family [72]. It is
thought to accelerate uncoating of the viral capsid, releasing the viral genome into the
cell where it can be recognized by host defenses [73]. TRIM5a directly binds to
retroviral capsids, therefore mutations in capsid proteins can antagonize restriction
factor binding and reestablish viral infection [74, 75].

SAMHD1 (sterile alpha motif and histidine-aspartate-domain-containing protein
1) is a restriction factor capable of inhibiting the reverse transcription step of the viral
replication cycle. It is a triphosphohydrolase enzyme that controls the intracellular level
of deoxyribonucleoside triphosphates (ANTPs) and prevents infection of monocytes,
macrophages, and dendritic cells from lentiviral infection by keeping dNTPs depleted in
the cell [76]. Ultimately, when the concentration of dNTPs is too low, reverse
transcription of viral RNA cannot proceed and viral infection is consequently blocked.
Two lentiviral genes have evolved to antagonize the activity of SAMHD1: vpr and vpx.
Primate lentiviruses encode either vpr, vpx, or both [77]. However, when both genes are
present, only one restricts SAMHD1. The encoded proteins act by tagging SAMHD1 for

degradation by the proteasome in a species-specific manner [78, 79].
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The restriction factor tetherin anchors budding virions to the producer cell’s
surface, preventing their release to infect new cells. It is a transmembrane protein that is
thought to physically link the cell plasma membrane to the virion envelope. Viral protein
Nef antagonizes restriction by tetherin in most primate lentiviruses, by binding and
removing it from plasma membranes via endocytosis [80]. In human tetherin, however,
the site at which Nef would bind has been deleted [81]. Therefore, to evade host
tetherin that would otherwise hinder viral infection, HIV-1 Vpu and HIV-2 Env have
evolved anti-tetherin activities by promoting its degradation and sequestration in
perinuclear compartments [82, 83]. Of note, only HIV-1 group M viruses encode fully
functional Vpu proteins and the other subtypes have poor restriction of tetherin [84],
which may explain the disparity in epidemic potential between different HIV-1 strains.

Several other examples of lentiviral restriction factors have been described in
primates, such has MxB (although its relevance is controversial) [85], proteins in the
IFITM family [86], and SLFN11 [87], highlighting the diversity of the innate immune
response to viral infection. The existence of viral antagonists to most of these host
proteins further exemplifies their impacts on viral fitness (Figure 5). Investigating the
counterbalance between viruses and their hosts can be informative regarding the

evolution of host immune responses.
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Virus-driven evolution of lentiviral restriction factors

Host restriction factors and their viral antagonists impose selective pressures on
one another to either escape (host) or preserve (virus) protein interactions [88] (Figure
6). Thus, genes encoding restriction factors often evolve rapidly. When virus-encoded
antagonists are able to bind to host proteins, polymorphisms that prevent antagonism
are advantageous to the host and are therefore selected in the population. In response,
viruses must similarly adapt to establish the interaction and infect the host (Figure 6).
This genetic conflict, or evolutionary arms race, between virus and host can be
measured via amino acid substitution. A greater number of nonsynonymous mutations
generally accumulate at critical binding interfaces compared to synonymous mutations.
Maximum likelihood statistical methods can be used to compare the rates of
nonsynonymous (dN) over synonymous (dS) substitutions and when the ratio is greater
than 1, a gene or amino acid residue is said to be evolving under positive selection [88].
In primates, residues in restriction factors important for inhibiting viral infection, such as
TRIM5a and SAMHD1, are under positive selection [77, 89]. Studies investigating
evolutionary arms races between host and lentiviral proteins have already contributed to
our knowledge regarding restriction factor function, cross-species transmissions of
primate lentiviruses, and providing evidence for ancient viral infections. Further insights
into virus-host interactions will help us better understand the history of lentiviral

infections and ways organisms have evolved to win evolutionary battles.
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Figure 6. Genetic conflict between viral antagonists and host restriction factors

Left: The cycle of host-virus evolution in evolutionary arms races. Viral antagonists put pressure on host restriction
factors to evolve to escape recognition, followed by viral adaptation to restore the interaction.

Right: The evolution of a host restriction factor constructed into a species phylogeny. The evolutionary history of
virus-host interactions can be deduced by examining the age of adaptive mutations. Stars indicate mutational events.
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APOBECS3 proteins

One group of restriction factors are members of the apolipoprotein B mRNA-
editing enzyme catalytic-peptide like (APOBEC) family [65, 90, 91]. Genes in this family
encode cytidine deaminase proteins, characterized by a signature His-X-Glu-X23-2s-Pro-
Cys-X2-4-Cys motif [92]. This motif allows for the deamination of cytidine to uridine on
single-stranded DNA or RNA. The first discovered APOBEC protein, APOBECH1, edits
the apo B mRNA to include a premature stop codon, which results in both full length
and truncated mRNAs important for lipid metabolism [93]. These mMRNAs can be
differentially expressed in separate tissues, dependent on the expression of APOBEC1
[94]. Other cytidine deaminases were subsequently discovered, such as activation-
induced cytidine deaminase (AID) in B-cells, which allows for modification of antibodies
via somatic hypermutation and class-switch recombination [95]. However, the focus of
my thesis is on the APOBECS3 group, which are critical inhibitors of retroelements and
retroviral infection [90, 91]. APOBECS proteins were initially discovered due to a
nonpermissive phenotype observed when viruses lacking the viral accessory protein Vif
infected primary T cell cultures and some immortalized cell lines. However, other cell
lines sustained full viral replication, called permissive cells [96, 97]. Subsequent cell
fusion experiments indicated that a dominant factor was present in nonpermissive cells
that could control viral replication in previously permissive cell lines [98, 99]. This factor
was identified as APOBEC3G, which has since become known as one of the most

potent and well-characterized APOBEC3 proteins in primates [100].
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The APOBECS3 (A3) protein family has expanded and contracted over

mammalian evolution through gene duplication and loss [101]. In particular, primates
encode seven A3 genes, A3A, A3B, A3C, A3D, A3F, A3G, and A3H (Figure 7), that
have variable activity against retroviruses and retroelements [102]. Each contains the
signature His-X-Glu-Xzs-28-Pro-Cys-X2-4-Cys motif present in all APOBEC proteins,
although they are also characterized by the presence of either one (A3A, A3C, and
A3H) or two (A3B, A3D, A3F, and A3G) zinc-binding domains to catalyze cytidine
deamination in single-stranded DNA (Figure 7). Amino acid specificity of the zinc-
binding domains classifies A3s into A3Z1, A3Z2, and A3Z3 categories [103]. Despite
the differences in primary sequence, the structural features of A3 proteins are similar as
each is composed of a characteristic o1-p1-B2-a2-Ps-o3-pa-o4-Ps-as-as protein fold [104].
The deamination of cytidine to uridine ultimately causes G-to-A hypermutation of
its DNA substrate [105, 106]. However, proteins in the primate A3 family differ in their
restriction capabilities against retroviruses and retroelements, tied to differential
expression levels within specific cells or tissues and functional capabilities [102].
Inhibition of retroviruses requires packaging of A3 proteins into budding virions, where
they act during the reverse transcription step of the viral lifecycle (Figure 7). A3G, for
instance, is highly packaged into virions and potently restricts viral infection, while A3B
is not packaged [105, 107]. Therefore, A3B has poor antiviral activity, despite strongly
restricting viral infection in vitro [107]. Instead, A3B has been demonstrated to play an
important role in restricting retroelements, like LINE-1, within primate genomes [108].

A3 proteins able to restrict retroviral infection in humans (A3G, A3D, A3F, and A3H) are
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constitutively expressed in T-cells and other immune cells [109]. Thus, many A3

proteins present a strong barrier to infection of the primary targets of HIV and SIV

infection.
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Figure 7. Antiviral activity of APOBEC3 proteins

(A) Organization of the A3 locus on chromosome 22. Colors indicate the evolutionary history of the corresponding
zinc domain according to [101].

(B) APOBECS proteins are degraded in the producer cell in the presence of Vif (l), but in the absence of Vif they are
packaged into the budding viral particle (Il). In the next cycle of infection, the APOBEC3 proteins mutagenize the viral
genome during reverse transcription by deaminating cytosines to uracils in the minus-strand DNA. Mutated viral DNA
may be degraded by DNA repair enzymes or integrated into the host cell genome, Reprinted with permission from
[66] under license number 4372750584933.
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Viral antagonism of APOBEC3 proteins

Lentiviruses have evolved to evade the antiviral effects of A3 proteins by
encoding an antagonist, Vif (viral infectivity factor). Vifis present in almost all known
lentiviruses, suggesting that it is one of the oldest accessory genes [19] . The protein
hijacks a host E3 ubiquitin ligase complex composed of elongin B/C, cullin 5, Rbx2, and
CBF-pB to tag A3s via polyubiquitination for degradation by the proteasome, effectively
decreasing the amount of A3 protein packaged into virions and rescuing the ability of
the virus to infect new cell (Figure 7; [110, 111]). Viruses lacking vif cannot replicate in
cells encoding A3s, demonstrating how important antagonism is for viral fithess [96, 97].

As the A3 locus in primates is so diverse, Vif must counteract an assembly of
antiviral proteins [112]. Although no co-crystal structures have been resolved, A3-Vif
interactions have been well-studied using mutagenesis, functional, and biochemical
analyses. Electrostatic charge appears to be an important factor determining where A3
proteins and HIV-1 Vif interact (Figure 8; [104]). A3C, A3D, and A3F, for instance, share
a binding interface on the a2, a3, and a4 helices, which is composed of primarily
negatively charged amino acids. HIV-1 Vif, however, has a positive charge on its
surface [113]. Conversely, on A3G, this binding interface has shifted to loops 1-a1, p2-
a2, and B4-o04 [42, 114-116]. It is similarly thought that Vif utilizes different portions of its
surface to bind various A3 proteins, although this is not completely resolved and there
may be some overlap on certain surfaces [104].

The relationship between A3G and Vif has been the best characterized. It is

species-specific and imposes a selective barrier preventing cross-species transmission
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of lentiviruses between primates [44]. Most primate lentivirus Vif proteins use amino
acids 128 - 130 to antagonize A3G found in those species and both proteins have
evolved in tandem, resulting in an ongoing evolutionary arms race over millions of years
[42-44, 115]. Polymorphisms at these sites allow A3G to escape recognition from
disparate SIV Vifs found throughout Old World monkeys in the subfamily
Cercopithecinae, except strains circulating in species where the A3G variant is found
[42]. Moreover, variation between sooty mangabeys and rhesus macaque A3G selected
for SIVmac strains capable of antagonizing rhesus A3G during the cross-species
transmission of SIVsmm to macaques [44]. However, Vif within the primate subfamily
Colobinae evolved to recognize a novel insertion 8SCK?®8. While the Vif could not
recognize A3G proteins with conservation at the canonical interface (128 — 130), it
adapted to reestablish binding, potentially in a new region, emphasizing the importance
of counteracting A3G in lentiviral evolution [42]. Exploring the evolution of other A3
proteins over extensive evolutionary history would enhance our knowledge of how Vif

retains its interactions with multiple A3s and the consequences on virus-host evolution.
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Figure 8. Structure and charge of A3 proteins and Vif

Top left: APOBECS3 proteins likely adopt three distinct types of Vif-binding sites: ASC/A3F-like, A3G-like, and A3H-
like. Surface electrostatic potential and ribbon diagrams showing the three classes of A3 Vif-binding sites (yellow
dashed lines) are shown. Negatively and positively charged regions are shown in red and blue, respectively. The
A3C/A3F-like class is represented by A3C (PDB code: 3VOW), A3F-CTD (PDB codes: 4J4J and 410U) and A3D-
CTD (homology model). The A3G-like and A3H-like classes are represented by homology models of the A3G-NTD
and A3H, respectively. In A3C, A3F-CTD, and A3G-NTD, residues shown as red sticks in the ribbon diagrams
represent experimentally determined Vif binding residues. Based on the A3F-CTD Vif-binding site, conserved
residues are identified as red sticks in the ASD-CTD and A3H haplotype Il homology models. Equivalent regions of
the non-Vif binding A2 (PDB code: 2NYT) and A3A (PDB code: 2M65) show charge reversal and reduced
hydrophobicity compared to the other A3 Vif-binding domains, thus potentially explaining its lack of Vif binding ability.
Reprinted with permission from [104] under license number 4372781191471.

Bottom left: Overall structure of Vif shown in cartoon representation (ribbon). Some of the secondary structural
elements of the a-domain and o/f domain of Vif are labelled. An electrostatic representation of Vif is also shown
below the ribbon. Vif has a highly positively charged surface. Two views of the electrostatic surface potential map are
shown. White, blue, and red indicate neutral, positive, and negative surfaces, respectively. Reprinted with permission
from [113] under license number 4373740622511.

Top Right: Structure of the HIV-1 Vif-CBF-B-EloB/C-CUL5 pentameric complex (PDB code: 4N9F). CBF-3, CULS5,
and EloB/C are shown in a ribbon diagram, whereas HIV-1 Vif is depicted with its molecule surface. Defined HIV-1 Vif
motifs previously shown to be necessary for A3G, A3F, or A3G/A3F binding are mapped onto Vif and colored in red,
yellow and orange, respectively. The putative location of the missing A3G, C-terminal domain of CUL5, Rbx2, and E2
are shown as spheres. Reprinted with permission from [104] under license number 4372781191471.

Bottom Right: Molecular surface of HIV-1 Vif illustrates two distinct binding surfaces for A3G and A3F. The A3F-
binding surface is on the opposite side (180° away) from the A3G-binding interface. The presence of CBF-$ on HIV-1
Vif partially restricts the A3F-binding site. The displacement of CBF-f3 may be necessary for the recruitment of A3F to
the Vif-E3 ubiquitin ligase complex. The orientation of HIV-1 Vif in the left-hand figure is in the same orientation as in
the top figure. Reprinted with permission from [104] under license number 4372781191471.
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Evolution of virus-host interactions in African green monkeys

African green monkeys (AGMs) are the most numerous and widely spread
species of primate found throughout sub-Saharan Africa [55]. The AGM clade is
composed of 4 subspecies that are geographically distinct and infected with a species-
specific strain of SIVagm: Chlorocebus pygerythrus (vervets, SIVagm.ver), C. sabaeus
(sabaeus, SIVagm.sab), C. tantalus (tantalus, SIVagm.tan), C. aethiops (grivets,
SlVagm.gri) (Figure 9; [117-121]). SIVagm infection in highly prevalent in AGM
populations, with up to 78% of SIVagm+ adults in the wild [122]. Two other subspecies
not infected with SIVagm have been described, C. cynosuros (malbrouck) and C.
djamdjamensis (Bale mountains vervets), although their classification as subspecies is
not universally accepted [123]. These SIVagm infected populations have been diverging
for at least 4 million years, which provides a powerful system to study the evolution of
the lentiviral-host arms race over relatively short evolutionary time-scales [124].

Previous studies have demonstrated that many genes involved in antiviral
immunity are polymorphic in AGMs. A recent study found that a number of important
genes impacting viral processes are under positive selection [125]. Indeed, multiple
haplotypes of antiviral restriction factors are observed in AGMs. SAMHD1 is
polymorphic in AGMs with species-specific relationships with its SIVagm viral
antagonist, Vpr [78]. Haplotypes that are predominantly found in only one or two
subspecies are resistant to Vpr proteins encoded by SIVagm strains from other

subspecies, suggesting that SAMHD1 antagonism is an important factor in viral fitness.
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Figure 9. Distribution of AGM subspecies in Africa.

Taxon distribution and representative drawings of African green monkeys. Adapted and reprinted from [125]
under license number 4372770484214.

Moreover, species-specific relationships are also observed between AGM A3G
proteins and SIVagm Vif [43]. At least eight haplotypes of A3G are found in AGMs, most
of which are readily antagonized by Vif proteins from all SIVagm strains. However, two
haplotypes that were found only in sabaeus and grivet monkeys confer resistance to Vif-
mediated degradation from other SIVagm strains. The polymorphisms responsible for
maintaining antiviral activity are located in the A3G Vif-binding domain at residues 128
and 130. Haplotype VII, observed in grivets, encodes K128E and is resistant to SIVagm
Vif from all strains except SIVagm.gri. Changing amino acid 128 back to a lysine (K)
from glutamic acid (E) restores degradation by Vif. Similarly, haplotype VIII, found in
sabaeus monkeys, encodes D130H and is only susceptible to Vif antagonism by

proteins from strains in sabaeus and grivets. Making a mutation to revert the histidine
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(H) at this position to aspartic acid (D) allows the protein to be degraded by Vif and

rescues viral infection. This finding suggests that AGMs are currently evolving under
virus-driven selective pressures.

Selection of vif genes that encode proteins able to counteract restriction by
protective A3G haplotypes was also observed in vivo in this AGM cohort [43], indicating
that SIVagm vif can readily evolve when infecting a new host expressing novel variants
of A3G. When sabaeus monkeys were infected with SIVagm.ver in an experimental
evolution study to better understand the role of A3G in vivo, vifs isolated from one
monkey (V005) that was homozygous for AGM A3G haplotype VIII (H130/H130) were
able to antagonize this A3G variant, those from individuals homozygous (D130/D130) or
heterozygous (D130/H130) were not. Furthermore, the adaptation of vifs from V005 was
only partial. Viral infection in the presence of A3G haplotype VIII was not rescued to the
level of viruses encoding SIVagm.sab vif. This suggests that there may be other forces
at play in the adaptation of SIVagm to other subspecies of AGM and perhaps other A3
proteins are influencing the evolution of vif.

Evidence that SAMHD1 and A3G are polymorphic and resistant to antagonism in
some contexts in AGMs suggests that SIVagm continues to drive the evolution of
lentiviral restriction factors and contributes to the species-specificity of viruses in AGM

populations.
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Loss of APOBEC3H activity in humans

Of all APOBECS proteins, A3H is the most evolutionarily divergent and
polymorphic [101, 126]. When it was first characterized in humans, A3H was thought to
have no activity against HIVAvif and related lentiviruses [127]. However, further study
revealed that there are seven haplotypes of A3H present in human populations [128].
Haplotypes Il, V, and VII encode proteins with potent antiviral activity, while haplotypes
I, I, IV, and VI are less active. R105G in haplotype | and a deletion of an asparagine at
position 15 (AN15) in haplotypes Ill and IV were associated with lower levels of activity.
Haplotype VI encodes both of these mutations. Pulse-chase experiments revealed that
inactive proteins were unstable relative to active proteins, which was also tied to
changes in subcellular localization [129]. Stable A3H proteins are found primarily in the
cytoplasm, while unstable proteins are also observed in the nucleus [130].

As with stability, localization to the nucleus was also linked to amino acid 105, as
a G105R mutant of A3H haplotype Il has a more cell-wide distribution, even in the
presence of a nuclear localization signal. Using artificial protein fusions linking unstable
haplotype | to stable haplotype I, it was shown that the antiviral activity of haplotype Il
proteins is dominant [130]. These data suggest that instability and localization are
associated. Furthermore, it raised the hypothesis that stable A3H proteins are bound to
a cytoplasmic host factor that prevents A3H from entering the nucleus. However, it is
also possible that the observed polymorphisms between A3H haplotype | and Il lead to

a change in an export signal, thus changing the localization profile.
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The recently resolved structure of A3H revealed that it binds to an RNA duplex
as a complex of two proteins [131-133]. Consistent with previous data, treatment with
RNase greatly increased its ability to mutate DNA, which indicates that binding RNA
may impede deaminase activity. Loop 1, loop 7, and the a6 helix appear to be most
important for binding RNA. Importantly, one study demonstrated that a lack of RNA
binding was associated with a shift to the nucleus, as well as A3H antiviral activity [131].
Whether protein stability similarly relies on RNA binding has yet to be determined.

Reconstruction of ancestral A3H proteins demonstrated that the low level of
antiviral activity seen in some variants of human A3H was due to a loss of function after
humans diverged from the most recent common ancestor with chimpanzees (Figure 10;
[129]). Along both the human and chimpanzee lineages, accumulation of
nonsynonymous mutations appears to have reduced A3H antiviral activity compared to
the common ancestor. However, the human A3H ancestor had a similar level of activity
to the human/chimp ancestor. Nevertheless, the loss of function multiple times in the
evolutionary history of humans led to the hypothesis that ASH may impart negative
consequences on host fitness. Alternatively, a pressure on humans to retain A3H
activity may have been lifted, rendering A3H redundant in the context of the A3 locus
and genetic drift allowed for the accumulation of inactivating mutations. A broader
analysis of the evolutionary history of A3H proteins in primates would reveal the overall

importance of encoding a diverse A3 repertoire.
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Figure 10. APOBEC3H polymorphisms in humans

The evolution of modern A3H alleles is presented as a phylogeny of the human/chimpanzee clade. Four changes
(K16R, K97Q, A142N, and S160C—solid flags) occurred during the evolution of modern chimpanzees. Three
changes (K91E, D158N and S160Y —solid flags) are fixed among human APOBEC3H alleles. Haplotype |
accumulated two further changes (R105G and E121K—open flags) while haplotypes II-IV are the result of
sequential accumulation of four additional changes (E121D and E178D for haplotypes II; plus del15N for
haplotype IlI; plus R18L for haplotype IV—gray flags). The nodes representing the human ancestor and the
human/chimpanzee ancestor are circled. (B) Western blot analysis of the four human APOBEC3H haplotypes
and chimpanzee APOBEC3H. Antiviral activity is depicted below the blots. (C) Western blot analysis of human
(haplotype I), human ancestor, and human/chimpanzee ancestor APOBEC3H proteins. Antiviral activity is
depicted below the blots. Reprinted and adapted with permission from [129] under license number
4372761362299.
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Interactions between human A3H and HIV-1 Vif

In addition to genetic polymorphisms in human A3H that impact protein stability
and activity, its interactions with Vif are similarly inconsistent. Although position 121 in
A3H was found to be important for the interaction with Vif (K121D makes the protein
resistant to degradation) [134], the sensitivity of the protein to Vif-mediated degradation
is variable between viral strains of different origin [135]. Stable A3H proteins are
partially susceptible to degradation by HIV-1 LAl Vif but completely resistant to HIV-1
NL4-3 Vif [134, 136]. Additionally, primary virus strains are similarly variable in their
ability to antagonize A3 proteins [137, 138]. Although A3H has been lost twice in human
evolution [129], experimental evolution approaches have shown that HIV-1 Vif can
evolve to antagonize A3H after accumulating changes at residues 39, 48, and 60 — 63
[138]. Vif proteins encoding V39F, N48H, and GDAK to EKGE at sites 60 — 63 are able
to replicate to higher titers in PBMCs from patients encoding stable A3H. This suggests
that HIV-1 truly adapts to antagonize A3H and demonstrates that active proteins are
conferring a selective pressure on infecting viruses. Furthermore, stable A3H has been
shown to be a barrier to cross-species transmission of SIVcpz [139]. Vifs from SIVcpz
and SIVgor cannot antagonize stable A3H haplotype Il and its expression in human T
cell lines effectively blocked the spread of SIVcpz. Likewise, virus strains isolated from
individuals with stable haplotypes of A3H are more likely to encode a Vif that can readily
antagonize antiviral A3H proteins [137]. Indeed, stable A3H haplotypes are associated
with a lower risk of susceptibility to infection and disease progression to AIDS in some

populations [140, 141]. While infected individuals were more likely to encode unstable
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A3H haplotypes in an Indian population [141], long-term non-progressors who can
effectively control HIV replication without antiviral therapy more likely encoded stable
A3H in a Japanese population [140].

Overall, evidence to date suggests that A3H plays a significant role in host
protection against lentiviral infection. However, the evolutionary importance of A3H and

its interactions with Vif in other primate species have not been fully characterized.

How has APOBEC3H evolved in African green monkeys?

The initial question my thesis project addressed was whether | could identify an
evolutionary arms race in AGMs, comparable to that described for A3G-Vif [43] and
SAMHD1-Vpx [78], between A3H, the most evolutionarily distinct A3, and SIVagm Vif.
Identifying species-specific interactions that altered interactions with SIVagm Vif would
demonstrate that A3H is an important factor for viral adaptation of lentiviruses to new
primate hosts, supporting the observation that SIVcpz Vif adapted to counteract stable
human A3H [139]. Another possibility is that evolution of ASH was not driven by Vif and
instead reflective of a selective pressure from another pathogen, in which | would
observe high levels of polymorphism in AGM A3H, but no relationship with SIVagm Vif.
However, | also wanted to better understand the broader importance of A3H in
primates, since its loss of activity in humans has been well-characterized. One
possibility was that the evolution of ASH in Old World monkeys has been dynamic over
evolutionary time, allowing me to more closely study the forces driving A3H activity,

particularly in the context of its loss of function in some hominoid species. Alternatively,



30

A3H may have been relatively conserved, potentially indicating that purifying selection
might be preserving a binding interface.

My work revealed that A3H antiviral activity has been recurrently lost throughout
primate evolution. Although highly polymorphic in AGMs, | observed few species-
specific polymorphisms and no tested haplotypes were as potently antiviral as rhesus
macaque A3H. The antiviral activity was partially dependent on protein expression level,
although a mechanism independent of A3H packaging into virions similarly decreased
its function. Lack of antiviral function was not associated with a robust change in
localization. However, when | expanded my analysis beyond AGMs, | also found that
the antiviral activity of patas monkey A3H was low. By reconstructing ancestral forms of
the protein, | demonstrated that a loss of function had occurred after the most recent
common ancestor of AGMs and patas monkeys, which was associated with a decrease
in packaging. Conversely, rhesus macaque A3H appeared to have gained some
antiviral activity from a recent common ancestor. Multiple amino acid changes were
required to rescue the antiviral activity of AGM and patas monkey A3H to the level of
their ancestor, suggesting that epistasis may play a role in protein function.

The fluctuation between active and less-potent proteins is not driven by Vif, which
suggests that there is a cost/benefit balance conferred by active proteins. Thus, ASH
does not appear to be an important component in the evolutionary arms race between
A3 proteins and SIVagm Vif. Furthermore, as A3H activity has been lost in AGMs and
patas monkeys, but gained in rhesus macaques, this suggests that the species barrier

imposed by ASH may be variable depending on the recipient species, if it is relevant at
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all. My study of the evolutionary history of A3H in Old World monkeys has shown that

the A3 family of proteins is dynamic and diverse, although not without the risk of a

potential fitness cost.
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Chapter 2. Materials and Methods

APOBEC3H cDNA Ampilification and Sequencing

APOBECS3H cDNAs were cloned by nested RT-PCR (QIAGEN One-step RT PCR Kit)
or PCR (Accuprime Pfx) from RNA or gDNA isolated from AGM peripheral blood
mononuclear cells or cell lines. Sample origins and extractions have been previously
described [43, 78]. For each sample, PCR products were amplified and sequenced
using primers designed to amplify African green monkey A3H (Forward:
CACGAATTCGCCACCATGTATCCATACGATGTTCCAGATTACGC
TGCTCTGCTAACAGCCAAA Reverse: CACGAGCTCATCTTGAGTTGAGTGT).
Primers for gDNA amplification were designed to target intronic regions. Heterozygous
sequences were cloned using pGEM T-Easy vector system (Promega) and TOPO TA
cloning kit (Invitrogen) to analyze individual clones. Additional primate sequences were
obtained from gDNA isolated from immortalized cell lines using QIAGEN DNeasy Blood
& Tissue Kit. The following cell lines from Coriell Cell Repositories (Camden, NJ) were
used: patas monkey (Erythrocebus patas; ID no. 6254), De Brazza’s monkey
(Cercopithecus neglectus; PR01144), Wolf’s guenon (Cercopithecus wolfi; PR01241),
mustached guenon (Cercopithecus cephus, PR00527), Allen’s swamp monkey
(Allenopithecus nigroviridis; PR00198), and Francois’ Leaf monkey (Trachypithecus
francoisi; PR01099). Talapoin (Miopithecus talapoin; OR755) cells were obtained from

Frozen Zoo (San Diego, CA).
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Expression Constructs and Plasmids

Primate A3H genes were cloned from cDNA. A 5’ hemagluttinin (HA) tag was added via
PCR (Forward:
GTGGTGGAATTCATGTATCCATACGATGTTCCAGATTACGCTGCTCTGCT Reverse:
CTAGACTCGAGTCATCTTGAGTT). The products were digested using EcoRI/Xhol
restriction enzymes and ligated into a mammalian pcDNA 3.1 vector (Invitrogen,
#V79020). Site-directed mutagenesis was completed with the QuikChange Il Site-
Directed Mutagenesis Kit (Agilent, #200524) to construct all ancestral genes and
mutants. The A3H gene from patas monkeys was generated by gene synthesis (IDT)
and cloned into the pcDNA 3.1 backbone. A3H genes from AGM and rhesus macaque
were codon-optimized based on usage frequencies in primates (human and rhesus
macaque) to remove rare codons within the gene in Geneious (Biomatters Ltd.). Codon-

optimized sequences were generated by gene synthesis and cloned into pcDNA 3.1.

Cell Lines, Transfections, and Western Blot Analysis

HEK293T, Hela, and Cos7 cell lines (ATCC) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (Corning, #35-015-CV) and 100
ug/mL penicillin/streptomycin (Gibco, #15140-122) at 37°C. SupT1 cells (ATCC) were
maintained in RPMI 1640 with 10% fetal bovine serum and 100 pg/mL
penicillin/streptomycin in the same conditions. Transfections were done in serum-free
DMEM with TransIT-LT1 transfection reagent (Mirus Bio, #MIR 2305) at a

reagent:plasmid DNA ratio of 3:1. For western blot analysis, cells were lysed in ice-cold
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NP40 buffer (0.5% NP40, 20mM NaCl, 50mM Tris pH 7.5) with protease inhibitors

(Roche Complete Mini, EDTA-free tablets, #11836170001). Lysates were quantified
using a Pierce BCA Protein Assay Kit (Thermo Scientific, #23225) and 10 pg of protein
was resolved by SDS-PAGE, transferred to a PVDF membrane, and probed with anti-
HA (BioLegend, #901503) and anti-actin (Sigma, #A2066) or anti-vinculin (Proteintech,
#66305-1) antibodies at a 1:2000 dilution. Samples from viral supernatants were probed
with a p24 antibody (NIH-ARP, #3537) at a 1:1000 dilution. Anti-mouse or anti-rabbit
secondary antibodies were used at a 1:5000 dilution (Santa Cruz Biotechnology, sc-

2005, sc-2004).

Immunofluorescence

HeLa cells were seeded onto 18mm (VWR, #48380 046) coverslips seeded with 4 x 104
cells/mL and transfected with 500 ng of A3H-expressing plasmids the next day. 48
hours after transfection, the coverslips were fixed in 2% paraformaldehyde,
permeabilized in 0.5% PBS/Triton-X, and blocked in PBS/BGS. HA-tagged proteins
were detected using the same HA antibody used for western blots at a 1:1000 dilution
followed by an anti-mouse AF488 antibody at 1:400 (Invitrogen, #A11001). Nuclei were
stained in SlowFade Gold antifade reagent with DAPI mounting media (Life

Technologies, #536939). Images were taken on a Nikon E800 microscope.
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Phylogenetic Analysis

A3H AGM sequences were analyzed phylogenetically using a Bayesian Monte Carlo
Markov chain (MCMC) approach implemented in BEAST v1.7.1. Sequence alignments
were constructed using MAFFT align function in Geneious (Biomatters Ltd.) and
underwent 10,000,000 MCMC generations using HKY85 substitution model, gamma
site heterogeneity model, estimated base frequencies, and constant population size

coalescent as the tree prior.

Positive Selection Analysis

The 27 primate A3H sequence alignment was analyzed using HyPhy GARD analysis to
ensure there was no recombination in the gene [142]. The species phylogeny [124] was
input into the CODEML sites model of PAML [143] along with the nucleotide alignment
to detect positive selection at individual sites. The p-value was calculated by twice the
difference in log-likelihood between models M7 and M8 as well as M8 and M8a with two
degrees of freedom. Analysis was conducted with both the F3x4 and F61 codon
frequency models with omega values of 0.4 and 1.5. Data from F3x4 and F61 models
are shown in Table 1. Positively selected sites were categorized as those with an M8

Bayes Empirical Bayes posterior probability greater than 98%.
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Ancestral Reconstruction

The ancestors at specific nodes within the Old World monkey clade were reconstructed
using the FASTML webserver (fastml.tau.ac.il; last accessed March 2018; [144]). The
27 primate A3H sequence alignment was used in conjunction with the species tree to

generate marginal reconstructions of codon sequences.

Single-Cycle Infectivity Assays

HEK293T cells were plated in 1mL in 12-well plates at 1.25 x 10° cells/mL. After cells
reached between 50 — 70% confluency, they were co-transfected with 250 ng of A3H or
empty expression plasmid, 600 ng of a luciferase-encoding proviral plasmid with a
frameshift mutation in env, and deletion of vif, and 100 ng of L-VSV-G (vesicular
stomatitis virus glycoprotein) for pseudotyping in 100 uL serum-free medium with
TransIT-LT1 transfection reagent (Mirus Bio). Supernatants containing virus were
harvested after 48 hours and clarified through 0.2-micron filters. Viral titers were
determined by measuring reverse-transcriptase (RT) activity by gPCR as described
previously [145]. In short, viral supernatants were lysed in 2X lysis buffer (0.25% Triton
X-100, 50 mM KCI, 100 mM Tris-HCI, 40% glycerol) in the presence of 4U RNase
inhibitor (Fermentas, #E00382). gRT-PCR reactions were set up with an MS2 RNA
template using the Takyon Rox SYBR MasterMix dTTP Blue kit (Eurogentec, #UF-
RSMT-B0101) alongside a standard curve made with a stock virus of previously
determined titers. The primers used to amplify duplicate reactions were:

TCCTGCTCAACTTCCTGTCGAG (forward) and CACAGGTCAAACCTCCTAGGAATG
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(reverse). qRT-PCR was performed on an ABI QuantStuido5 Real Time PCR machine.

2000 mU/mL was used to infect SupT1 cells plated at 2 x 10 cells/well in a 96-well
plate in media supplemented with 20 ng/mL DEAE-Dextran. Infections were done in
triplicate for 48 — 64 hours. Luciferase activity was measured with Bright-Glo Luciferase

Assay Reagent (Promega, E2620) on a LUMIstar Omega luminometer.

Packaging Assay

Packaging of A3 proteins into virions was measured by co-transfection of 600 ng of A3
plasmid with 1000 ng of the proviral plasmid described for single-cycle assays into a 6-
well plate seeded with HEK293T cells at 2 x 10° cells/mL. Two days after transfection,
cell lysates were collected and 1.5 mL of supernatant was clarified through 0.2-micron
filters. Viral supernatants were concentrated by pelleting by centrifugation at 13,000
RPM for 60 minutes. Media was aspirated from the virion pellet until ~10 uL remained
and lysed with 4x NUPAGE LDS Sample Buffer (Invitrogen, NP0O007). Virion and cell

lysates were analyzed by western blot.

Statistical Analysis

Data analyses were done using GraphPad Prism 7.0 software. All data are shown as
mean + SEM. Statistical analysis was performed using unpaired t-tests with two tailed,

95% confidence. P values less than 0.05 were considered statistically significant.
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Accession Numbers

The GenBank accession numbers for new Old World monkey A3H sequences, including
De Brazza’s, Wolf’'s Guenon, mustached guenon, patas monkey, talapoin, Francois’
Leaf monkey, Allen’s swamp monkey, and AGM haplotype, reported here are

MH231602 — MH231609.
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Chapter 3. Recurrent loss of APOBEC3H activity during

primate evolution

Introduction

The seven members of the APOBEC3 (A3) gene family in primates encode
cytidine deaminases involved in innate immune defense against retroviruses and
retroelements [90, 91, 146]. Four A3 enzymes are known to potently restrict the
replication of lentiviruses like simian immunodeficiency virus (SIV) and human
immunodeficiency virus (HIV): A3D, A3F, A3G, and A3H [102]. A3 proteins are
packaged into budding virions and cause G-to-A hypermutation of viral DNA, although
deamination-independent modes of restriction have also been characterized [147, 148].
Hypermutation of viral DNA results in detrimental mutations that render the virus
inactive and thus protects new cells from infection. However, lentiviruses have evolved
a mechanism to evade A3 restriction by encoding a viral antagonist, Vif, which binds
and targets A3 proteins for proteasomal degradation via a cellular E3 ubiquitin ligase
complex [66]. Given that A3-Vif interactions often act in a species-specific manner,
adaptation of Vif to host A3 proteins is important for successful adaptation of
lentiviruses to their hosts [42, 43, 45, 139, 149].

Various A3 proteins differ in their ability to restrict viral infection. For instance,
A3G is the most potent A3-mediated inhibitor of HIV-1, while ASA and A3B have limited
antiviral potential [102, 107]. In humans, the A3H protein is especially remarkable

because multiple polymorphisms drastically impact its antiviral activity [127-129, 150].



40

Two independent mutations have occurred in human evolution that destabilized A3H
[129]; haplotypes that encode R105G or a deletion of amino acid 15 make unstable
proteins (haplotypes I, Ill, IV, VI) that have lost antiviral activity, while those without
these changes make stable proteins (haplotypes Il, V, VII) that potently restrict HIV-1
[127-129, 138]. Stability and antiviral activity of human A3H has been further linked to
subcellular localization: unstable/poorly-antiviral proteins are more nuclear, while
stable/antiviral proteins remain cytoplasmic [130]. A3H haplotype | has been associated
with breast and lung cancer [151], as has another nuclear A3, A3B [152], suggesting
that in some cases A3 activity may be detrimental for the host. While such events have
occurred in humans, examples of gains or losses of A3 activity over evolutionary time in
other primates have been less explored.

The A3H genetic polymorphisms present in human populations also impact the
interactions between human A3H and HIV-1 Vif [134, 136-138]. Stable A3H proteins are
only partially susceptible to degradation by Vif from the LAl isolate of HIV-1 and not at
all by HIV-1 NL4-3 Vif [134, 136]. However, studies using human cohorts encoding
different haplotypes of ASH have shown that Vif from some primary virus strains are
able to antagonize stable A3H proteins [137, 138, 140, 141]. These studies suggested
that there is selection in vivo for Vif strains that counteract the stably expressed forms of
A3H in infected people [137, 138, 140, 141]. Furthermore, the cross-species
transmissions that led to adaptation of SIV from monkeys to chimpanzees to humans,
giving rise to HIV-1, involved adaptation of Vif to antagonize the A3 proteins found in

each host [42, 43, 139, 149], including SIVcpz Vif to antagonize human A3H [139].
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The study of the evolution of lentiviral-host interactions within Old World monkeys
has provided insights into the longer-term dynamics of the evolutionary arms race
between host antiviral proteins and their lentiviral targets [42, 45, 79]. African green
monkeys (AGMs), in particular, provide a unique opportunity to assess the evolutionary
forces governing interactions between lentiviruses and their hosts since the genus
Chlorocebus encompasses four geographically distinct subspecies (vervets, sabaeus,
tantalus, and grivets) each of which are infected with species-specific subtypes of
SIVagm [41, 124, 153]. These SIV subtypes are named by the subspecies they infect:
SlVagm.ver, SIVagm.sab, SIVagm.tan, and SIVagm.gri [41]. Furthermore, this system
is particularly powerful because although these subspecies are closely genetically
related, enough divergence exists that has allowed species-specific lentiviral infections
to occur.

Previous studies have demonstrated that many genes involved in antiviral
immunity are polymorphic in AGMs and some changes at the protein level are critical for
interactions with viral antagonists [43, 78, 125]. A3G in particular was discovered to
encode species-specific polymorphisms [43]. Amino acid changes in the Vif binding
domain of AGM A3G (sites 128 and 130) confer protection against SIVagm strains from
other subspecies. For example, K128E, found in grivet monkeys, is resistant to all Vifs
except SIVagm.gri, while D130H, found in sabaeus monkeys, is resistant to Vifs from
SlVagm.ver and SIVagm.tan [43]. This demonstrates that Vif continues to drive the
evolution of A3G and contributes to the species-specificity of lentiviruses in AGM

populations. It is unknown whether A3H has a similar role in these primates.
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In this study, we asked whether we could identify a host-virus “arms-race”
between A3H in AGMs and Vif proteins encoded by the SIVs that infect these species.
Surprisingly, we found that although A3H is highly polymorphic in AGMs, the antiviral
activity of A3H has largely been lost. The reduced antiviral activity is in part caused by
lower protein expression levels, although amino acid changes also independently lower
antiviral activity. By reconstructing ancestral A3H proteins spanning evolution in AGMs
and in other Old World monkeys, we find that there has been recurrent loss of ASH
activity in some, but not all, Old World monkeys. While higher expression levels
generally increase viral inhibition, we also identified amino acids that affect A3H
restriction, which map to regions implicated in RNA binding [131-133]. Thus, our data
support a model where A3H antiviral activity has been repeatedly lost throughout
evolution. This argues that there is a longer scale dynamic between the cost and benefit
for A3H function in primates that is not necessarily driven by interactions with its

antagonist.
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Results

A3H is highly polymorphic in AGM subspecies, but all tested alleles have low
antiviral activity

Polymorphisms in human A3H are known to affect its antiviral activity as well as
its interactions with Vif [128, 129, 136-138]. Similarly, polymorphisms in A3G in AGMs
impact interactions with Vif, suggesting an ongoing and ancient genetic conflict between
A3G and SIV Vif in AGMs [43]. These observations prompted us to explore the genetic
landscape of A3H in African green monkeys and other Old World monkeys to determine
if ABH evolution has been driven by Vif over a broad evolutionary scale. First, we
sequenced A3H in 50 AGM samples collected from all four subspecies infected with a
species-specific SIV: vervet, sabaeus, tantalus, and grivet monkeys. The mitochondrial
DNA of these animals had also been previously sequenced and was confirmed to
cluster by AGM subspecies [43]. Sequence analysis of 80 independent A3H genes
revealed 34 single-nucleotide polymorphisms (SNPs), 6 of which are synonymous
changes at a frequency higher than 5%. 28 SNPs are nonsynonymous; 23 are found in
more than one individual (Table 1). Most polymorphisms are represented in all four
subspecies (Figure 11 A and B), except for low frequency variants only found in one
AGM and two nonsynonymous mutations found in two vervet sequences at amino acid
residues 113 and 116. Phylogenetic analysis showed that A3H sequences from all AGM
subspecies are paraphyletic (Figure 11A), similar to a previous study examining A3G in

these species [43].



Table 1. Polymorphisms identified in AGM A3H sequences
"Amino acid residues only identified in one animal
al_ocation in AGM A3H modeled onto a previously described pig-tailed macaque A3H ([133], PDB 5W3V)

Site Observed amino acids Predicted location in structures
17 R/MH
18 Y/R/H/L*
Loop 1
20 S/N
25 P/R
41 T/M* Loop 2
44 R/K*
B-sheet

46 H/Q
53 H/D Loop 3
73 C/s* Loop 4
75 R/Q B-sheet
113 Y/C
116 R/H Loop 7
117 R/P*
127 C/s

a4
128 G/R
130 R/Q Loop 8
134 E/K B-sheet
138 L/R

ab5
139 P/Q
152 K/E Loop 10
164 D/E
171 Q/R a6
181 K/IE
195 N/S Not resolvedin structure
204 S/A

44
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Figure 11. Sequence and Phylogenetic Analysis of A3H in African green monkeys

A. The evolutionary relationship between 80 full-length AGM A3H genes was inferred by Bayesian MCMC
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phylogenetic reconstruction. Red asterisks (*) show nodes that have a posterior probability > 0.5. Colored boxes

demonstrate the subspecies of origin (red = Vervet, yellow = Sabaeus, blue = Tantalus, and green = Grivet).

Blue asterisks (*) denote cloned haplotypes, numbered 1 — 11. The red arrow indicates divergence between two

clades. B. Number of AGM individuals encoding haplotypes 1 — 11, color coded by subspecies similar to A3H

phylogeny.
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Nonsynonymous SNPs are spread throughout the protein (Table 1), although
one group is clustered between amino acids 127 — 139. The changes are tightly linked
and result in divergence of the phylogenetic tree between two clades (Figure 11A, red
arrow). Haplotypes with a CGRELP motif compose one clade on the tree, while the
other has an SRQKRQ motif. Residues 127 and 128 are located on the a4 helix, which
has been implicated in A3H-Vif binding [154, 155]. Furthermore, the regions of A3H with
the greatest number of nonsynonymous mutations are in the predicted loops 1 and 7,
and the a6 helix (Table 1), which were recently shown by structural studies to be
involved in an interaction between A3H and a co-crystalized RNA [131, 133]. These
results indicate that, similar to A3G, SAMHD1, and other antiviral genes in AGMs [42,
78, 125], there is extensive polymorphism in AGM A3H.

The presence of numerous polymorphisms suggests there may be functional
consequences for either antiviral activity or Vif antagonism. To determine whether or not
nonsynonymous polymorphisms in A3H impact antiviral activity, we tested the ability of
A3H protein variants to restrict lentiviruses. We cloned haplotypes, numbered 1 — 11
and representative of each clade in the phylogenetic tree, into a mammalian expression
vector for functional analysis (Figure 11B). These haplotypes also represent all four
subspecies of AGMs. Out of the 28 total nonsynonymous SNPs found in AGMs (Table
1), 11 unique protein sequences were tested and 20 polymorphic sites were

characterized (Table 2).



Table 2. Polymorphic sites in tested A3H haplotypes

aHaplotype number of A3H allele

bAmino acid position with nonsynonymous mutations across the tested haplotypes. Boxes colored red have a different amino acid residue relative to AGM A3H
haplotype 1.

Amino acid
25 53 75 113 116 127 128 130 134 138 139 152 164 171 182 195 204
P R
P R

Haplotype2 17°

I I I ITT|e
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A3H expressing plasmids were co-transfected into HEK293T cells for single-
round infectivity experiments with HIVAenvAvif or SIVagm.TANAenvAvif proviruses and
a VSV-G expression plasmid for pseudotyping to measure antiviral activity. Viral
supernatants were collected, normalized for RT activity, used to infect SupT1 cells, and
luciferase activity from a gene encoded in the proviral plasmid was measured relative to
a no A3 control (see Methods). We found that none of the AGM A3H variants restricted
lentiviruses as potently as the A3H from rhesus macaque (Figure 12A), an Old World
monkey that has been previously characterized for its A3H activity [102, 127, 129].
Rhesus A3H restricted viral infection of HIVAvif by approximately 21-fold, while AGM
A3H variants restrict viral infection by no more than 3-fold, and some not at all (Figure
12A). Although activity against HIV-1Avif correlates with activity against other
lentiviruses, we also validated this result using SIVagm.TANAVvif, a strain originally
isolated from tantalus monkeys. We found that the AGM A3H haplotypes were also
poorly restrictive against SIVagm.TANAvif compared to the activity of rhesus macaque
A3H (Figure 12A). SIVagm.TANAVvif was observed to be more sensitive to restriction by
all A3H proteins tested, similar to a previous study from our lab using A3G [43],
although the difference in viral inhibition for specificity between inhibition of HIV-1 or
SIVagm.TAN within haplotypes was not statistically significant (unpaired t-test, p>0.05).
Additionally, to ensure that the epitope tag was not interfering with protein function, we
removed the HA tag and compared the antiviral activity of tagged versus untagged

proteins. We found that, relative to rhesus macaque A3H, there are no significant
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differences between the restrictive capabilities of tagged and untagged proteins (Figure
13, unpaired t-test, p>0.05). This indicates that A3H variants encoded by AGMs have
poor antiviral activity against at least two separate lentiviruses and is not due to
species-specificity (Figure 12B).

The differences in restriction could be explained by changes in expression since
we found that no variant of AGM A3H is as strongly expressed as rhesus macaque A3H
in HEK293T cells (Figure 12B, top). This lower expression of AGM A3H proteins relative
to rhesus macaque A3H was not due to the species of origin of the cells used for
transfection since when we transfected AGM-derived Cos7 cells, the protein expression
levels of AGM A3H were similarly poor relative to the expression of the rhesus ASH
(Figure 12B, bottom). These data indicate that lower protein expression levels are
correlated with less potent antiviral activity, similar to unstable haplotypes of human

A3H.
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Figure 12. Antiviral activity of A3H is lower in AGMs than in another Old World monkey

A. Single-cycle infectivity assays were performed in the presence or absence of A3 proteins against HIVAvif
(black) and SIVagmAvif (white). Rhesus macaque was included as a positive control. Relative infection was
normalized to viral infectivity in the absence of A3 proteins. Averages of three replicates, each with triplicate
infections (+ SEM) are shown. All samples were statistically significantly different than rhesus macaque A3H,
except AGM haplotype 7 against SIVagm.TAN (p = 0.0502) as measured by unpaired t-tests. Furthermore, no
significant differences in restriction between HIV and SIVagm.TAN within individual haplotypes were found. B.
Western blot analysis of HA-tagged AGM A3H protein expression in human (HEK293T) and AGM (Cos7) cell
lines. The different size bands for different AGM A3H haplotypes is reproducible. B-Actin is shown as a loading
control. C. Top: Single-cycle infectivity assay of HIVAvifin the presence of increasing amounts of A3H-
expressing plasmids. AGM A3H haplotype 1 (black circles) and rhesus macaque A3H (open circles) are
compared. Relative infection was normalized to viral infectivity in the absence of A3 proteins. Averages of three
replicates, each with triplicate infections ( + SEM) are shown. Statistical differences were determined by unpaired
t-tests: *p < 0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Bottom: Western blot analysis of protein expression
levels with the same amounts of plasmid in the top panel. B-Actin is shown as a loading control. D. Packaging of
A3H proteins into virions analyzed by western blot. Relative abundance in the cellular expression (left) and virion
incorporation (right) were determined compared to rhesus macaque A3H.
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Figure 13. AGM A3H proteins without an epitope tag still have lower antiviral activity than rhesus A3H
Single cycle assays were performed using constructs described in the manuscript (with an HA tag, gray bars)
and constructs without the epitope tag (white bars). The relative infectivity of each protein variant compared to
the infectivity of rhesus A3H in individual experiments was determined and the average of three replicate
experiments, each with triplicate infections (= SEM) was graphed. Below the graph is the corresponding western
blot probed with anti-HA antibody and a monoclonal A3H antibody previously designed to recognize human A3H.
The monoclonal antibody can recognize some, but not all, of the AGM A3H variants.

One explanation for the difference in antiviral activity is that AGM A3H is not
packaged as efficiently into virions as rhesus macaque A3H. To explore this possibility,
we measured the amount of A3H in virions and compared the relative abundance
between AGM A3H and rhesus A3H. In virions, there is 3.3-fold less AGM A3H (Figure
12D, right), which is reflective of 3-fold less protein observed in cells (Figure 12D, left).
Therefore, AGM A3H and rhesus A3H are packaged at similar efficiencies. However,
since there is a more than 10-fold difference in viral inhibition, there must be an
additional defect on antiviral activity for AGM A3H that is independent of packaging.

In order to more fully explore the relationship between expression levels and

antiviral activity of AGM A3H, we codon-optimized both AGM A3H haplotype 1 and
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rhesus macaque A3H sequences to remove rare codons that might negatively affect
protein translation efficiency. Based on codon-usage statistics in primates (see
Methods) 100 out of 211 codons were replaced to more frequent codons in the codon-
optimized AGM haplotype 1 A3H and 106 out of 211 were replaced in the codon-
optimized rhesus macaque A3H. We found that codon-optimization of both AGM A3H
and of rhesus macaque A3H increased their expression levels relative to the native
codons in each gene (Figure 14A—compare WT to CO (codon-optimized)). Moreover,
after codon-optimization, AGM A3H haplotype 1 and rhesus macaque A3H are
expressed to similar levels (Figure 14A and Figure 14B, bottom). However, while codon
optimization increased the antiviral activity of both AGM and rhesus macaque A3H over
that of wild-type (compare Figure 14B to 12C), codon-optimized rhesus macaque A3H
still restricts viral infection 10-fold better than codon-optimized AGM A3H against
HIVAvif and 5-fold better against SIVagm.TANAvif (Figure 14B, top). We also tested
virion packaging efficiency of AGM versus rhesus A3H by measuring the relative
abundance of each codon-optimized construct in the virion. We found that codon-
optimized AGM A3H is packaged with similar efficiency as codon-optimized rhesus
macaque A3H (Figure 14C), This shows that while increasing the expression level of
the protein is sufficient to improve its antiviral activity, other factors after viral
incorporation impact the poor antiviral activity of AGM A3H.

Studies in humans have shown that less active A3H proteins also localize to the
nucleus [129, 130]. We therefore asked whether wild-type AGM A3H proteins were

expressed to lower levels with low antiviral activity due to a change in localization. Wild-
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type AGM A3H haplotypes 1, 5, 6, and 10 and rhesus macaque A3H were transfected

into HeLa cells and visualized using immunofluorescent microscopy. However, all AGM
A3H variants and rhesus macaque A3H were mainly present in the cytoplasm (Figure
14D), demonstrating that a drastic change in localization was not responsible for the
lack of potent antiviral activity of AGM A3H.

Our results suggest that the extensive diversity observed in AGM A3H results in
lower antiviral activity linked to both protein levels and to other functional differences

after packaging due to amino acid divergence between species.
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Figure 14. Codon-optimization increases protein expression and antiviral activity

A. Western blot analysis for the expression of AGM A3H haplotype 1, codon-optimized (CO) haplotype 1 A3H,
rhesus macaque A3H, and codon-optimized (CO) rhesus macaque A3H. Vinculin was used as a protein loading
control. Quantification was done relative to rhesus macaque A3H (normalized to 1). B. Top: Single-cycle
infectivity assay of HIVAvif (left, circles) and SIVagm.TANAVvif (right, triangles) in the presence of increasing
amounts of A3H plasmid comparing codon-optimized AGM haplotype 1 A3H (black) and codon-optimized rhesus
macaque A3H (open). Relative infection was normalized to viral infectivity in the absence of A3 proteins.
Averages of three replicates, each with triplicate infections ( £ SEM) are shown. Statistical differences were
determined by unpaired t-tests: *p < 0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Bottom: Western blot
analysis of protein expression level with amounts of plasmid added in panel B. B-Actin is shown as a loading
control. C. Packaging of A3H proteins into virions analyzed by western blot. Relative abundance in the cellular
expression (left) and virion incorporation (right) were determined compared to codon-optimized rhesus macaque
A3H. D. Subcellular localization of wild-type rhesus macaque and wild-type AGM A3H haplotypes 1, 5, 6, and 10
in HeLa cells. A3H proteins were detected with an anti-HA antibody (green) and DAPI staining was used to
detect the nucleus (blue). Images are representative of n = 135 total images over 3 replicates.
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Reconstruction of ancestral A3H proteins demonstrates the loss of activity in
more recent evolution of AGMs and other primates

We previously explored the evolutionary dynamic of hominoid A3H by
reconstructing the ancestor of human/chimpanzee A3H and found that the predicted
A3H protein at the human/chimpanzee ancestor had higher antiviral activity than either
the extant chimpanzee or human proteins [129]. This suggests that there has been a
loss of some activity in both lineages over their evolution. Due to the finding that all
tested AGM A3H proteins are poorly active relative to the rhesus macaque A3H, we
wanted to reconstruct the ancestral history of ASH leading to the modern AGM lineage.
Thus, in order to gain statistical power in the ancestral sequence predictions at each
node, we determined the ASH sequence from a broader panel of Old World monkeys in
sister clades including De Brazza’s monkey, Allen’s Swamp monkey, Wolf’s guenon,
mustached guenon, talapoin, and patas monkey (Figure 15A).

We tested the A3H activity of the closest sister species to the AGMs, patas
monkeys, and the A3H activity of a sister species to the rhesus, the sooty mangabey
(Figure 15A). Upon transfection into HEK293T cells, the protein expression level of
patas monkey A3H was lower in comparison to rhesus macaque A3H, similar to AGM
A3H (Figure 15B, bottom). Patas monkey A3H correspondingly had low antiviral activity
when tested against HIVAvif; that is, while AGM and rhesus macaque A3H restricted
viral infection 6-fold and 63-fold, respectively, patas monkey A3H restricted HIVAvif
infection only 3-fold (Figure 15B, top). However, active A3H proteins from sooty

mangabey and the human A3H haplotype Il restrict viral infection 20-fold and 40-fold,
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respectively. These data show that the antiviral activity is low in a species closely
related to AGMs, but a relative of the rhesus macaque and humans encode more active
A3H proteins. This finding further suggests that changes in A3H activity may have
deeper evolutionary origins in primate evolution.

In order to determine whether A3H antiviral activity was gained in the rhesus
macaque/sooty mangabey lineage or was lost in the AGM/patas monkey lineage, we
reconstructed the A3H ancestors at various nodes in the Old World monkey phylogeny
(Figure 15A). These included the common ancestor of AGMs and patas monkeys (node
1), AGMs, patas monkeys, and its sister clade (node 2), as well as the common
ancestor of rhesus macaque, pig-tailed macaque, and sooty mangabey (node 3) and
common ancestor of both groups (node 4). Each ancestor was constructed using
maximum likelihood with FastML [144] based on the primate species phylogeny.
Although the majority of codons were reconstructed with a probability >99%, site 207
was ambiguous in the common ancestor of all tested Old World monkeys and two
codons were possible — encoding either an isoleucine (node 4a) or a threonine (node
4b) at position 207. In this case, both possible ancestors were generated using point-
mutagenesis.

We then tested the predicted A3H protein at the reconstructed ancestral nodes of
the Old World monkey phylogenetic tree for antiviral activity and protein expression
level. All ASH ancestors inhibited viral infection between 17- and 33-fold (Figure 15C).
Thus, this result suggests that activity was lost within the AGM/patas monkey clade.

Similarly, while the ASH node 3 ancestor restricted viral infection 21-fold, rhesus
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macaque A3H inhibited HIVAvif by 64-fold, indicating that some activity may have been

gained along that lineage. Moreover, the node 1 ancestor representing the common
ancestor of AGM and patas monkeys restricted viral infection 33-fold, which was more
potent than its descendants, AGMs (6-fold) and patas monkeys (3-fold), despite having
similar protein expression levels (Figure 15C). Therefore, loss of activity in ASH in AGM
and patas monkeys that occurred after the common ancestor at node 1, which diverged
at least 4 million years ago [124], included mutations that both decreased protein
expression levels and led to the losses of antiviral activity that are independent of
protein expression.

To determine whether differences in packaging of A3H into virions was
responsible for the difference in antiviral activity between the node 1 ancestor and an
extant AGM A3H, we performed a packaging assay to compare protein amounts in
virions. AGM A3H is packaged 2.4-fold less efficiently than the node 1 ancestor (Figure
4D). Moreover, the node 1 ancestor is present at 5-fold higher levels than AGM A3H
haplotype 1 in the virion (Figure 15D), which corresponds to the 5-fold better viral
inhibition of the ancestor (Figure 15C). This suggests that in the ancestral node directly
leading to the AGM lineage, a decrease in packaging of A3H lead to a further loss of

antiviral activity.
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Figure 15. AGM ancestors encode potent antiviral proteins

A. A phylogeny, depicted as a cladogram, based on the accepted species tree of all sequenced Old World
primates included in the study [124]. Blue circles denote active antiviral proteins; red circles denote less active
antiviral proteins. Ancestral nodes are labeled with numbers (1 —4). B. Top: Single-cycle infectivity assay for
HIVAvif against extant primate A3H proteins. Relative infection was normalized to viral infectivity in the absence
of A3 proteins. Averages of three replicates, each with triplicate infections ( + SEM) are shown. Statistical
differences were determined by unpaired t-tests: *p < 0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Bottom:
Western blot analysis of the protein expression level. Vinculin is used as a loading control. Human A3H is
missing 28 C-terminal amino acids due to a natural premature stop codon [127] and thus runs lower on the blot.
C. Top: Single-cycle infectivity assay for HIVAvif against ancestral A3H proteins and their extant descendants.
Relative infection was normalized to viral infectivity in the absence of A3 proteins. Averages of three replicates,
each with triplicate infections ( + SEM) are shown. Dotted line at 10% is an arbitrary reference point. Bottom:
Western blot analysis of the protein expression level. Vinculin is used as a loading control. D. Packaging of A3H
proteins into virions analyzed by western blot. Relative abundance in the cellular expression (left) and virion
incorporation (right) were determined compared to the node 1 A3H ancestor.
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Multiple amino acid mutations are responsible for loss of A3H antiviral activity

The ancestral A3H protein at node 1 representing the common ancestor of AGMs
and patas monkeys (Figure 15A) has stronger antiviral activity than its extant
descendants (Figure 15C). Therefore, we wanted to trace the amino acid mutations that
resulted in the subsequent loss along the branches leading from node 1 to AGMs and
patas monkeys. The sequence alignment of the node 1 ancestor with AGM haplotype 1
and patas monkey A3H revealed 4 (sites 18, 20, 48, and 171) and 3 (sites 17, 25, and
51) amino acid differences respectively (Figure 16A). One site in AGMs, S20N, created
a protein sequence identical to AGM A3H haplotype 8. We introduced the other
residues found in the node 1 ancestor into AGM and patas monkey A3H backgrounds to
test the expression level and antiviral activity of each mutant.

Notably, no single amino acid mutation in AGM A3H increased the antiviral
activity compared to wild-type AGM A3H and all single mutants inhibited viral infection
around 5-fold relative to the no A3 control (Figure 16B). In contrast, the double mutants
H18R/S20N, H18R/Q48K, and S20N/Q48K, antiviral activity increased to around 13-fold
(Figure 16B). Double mutants with the H18R mutation were not statistically significant
from the node 1 ancestor, indicating that this amino acid may be most important to
rescue antiviral activity. Similarly, patas monkey A3H with single mutations at sites 25
(R25P) and 51 (E51K) did not improve restriction, while a H17R mutation slightly
increased the antiviral activity compared to wild-type (3-fold to 5-fold; Figure 16B).
However, this single mutation at position 17 did not make patas monkey A3H

comparable to the node 1 ancestor. Inserting both H17R and R25P mutations in patas
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monkey A3H similarly did not further improve restriction (Figure 16B). Taken together,
the inability of single point mutations to restore antiviral activity to its ancestral state
emphasizes that changes at multiple sites have functional consequences in AGM and
patas monkey A3H.

Of interest, site 48 is the only residue that is fixed in all AGMs sequenced for this
study. This demonstrates that it occurred first, whereas the other sites are polymorphic
and have not yet become fixed in the species (Table 1). To determine whether site 48
alone is sufficient to decrease antiviral activity we added a K48Q mutation in the node 1
background and tested its antiviral activity. However, node 1 K48Q has similar antiviral
activity and expression (Figure 16C, bottom), showing that epistasis between multiple
amino acids may play an essential role for viral restriction by A3H.

Overall, these data establish that amino acids in the N-terminal portion of A3H
are important for antiviral activity. Two out of 3 residues responsible for the loss of
activity in patas monkey A3H, sites 17 and 25, are also polymorphic in AGMs (Table 1),
suggesting that the loss began at a shared common ancestor not sampled by our
analysis. Significantly, many Old World monkeys encode additional mutations near
amino acid 15, whose loss in human A3H is known to affect protein stability [129]. For
example, residues 18 — 23 have been deleted in De Brazza’s monkey (Figure 16A).
Such a large deletion in this region would likely impact the ability of A3H to inhibit viral
infection in this species. Similarly, talapoin A3H encodes a histidine at position 18
instead of an arginine, similar to AGM A3H, suggesting that its activity may also be lost

(Figure 16A). In contrast, rhesus macaque and sooty mangabey A3H encode active
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ancestral amino acids at such residues, such as two arginines at positions 17 and 18
(Figure 16A), which may result in the potent antiviral activity of these modern proteins.
This implies that loss of A3H function has been lost independently at various points of

evolutionary history in both hominoids and Old World monkeys.
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Figure 16. Multiple amino acid mutations required for an increase in antiviral activity

A. Schematic of the A3H protein. Black bars outline the ASH catalytic site. Numbered amino acid residues that
are different between AGM A3H, patas A3H, and the node 1 ancestor are outlined in red on the protein
sequence alignment, ancestral residues are colored blue. Amino acids that are different in other primates are
similarly colored. B. Top: Single-cycle infectivity assay for HIVAvif against extant mutants. Relative infection was
normalized to viral infectivity in the absence of A3 proteins. Averages of three replicates, each with triplicate
infections ( = SEM) are shown. Statistical differences were determined by unpaired t-tests: *p < 0.05, **p<0.01,
***p<0.001, and ****p<0.0001. Statistically significant differences with the node 1 ancestor are depicted as stars
above each bar. Bottom: Western blot analysis of protein expression levels of HA-tagged extant mutants made in
the AGM and patas A3H backgrounds. Vinculin is used as a loading control. C. Top: Single-cycle infectivity
assay for HIVAvif against AGM haplotype 1, node 1 ancestor, and node 1 mutant A3H. Relative infection was
normalized to viral infectivity in the absence of A3 proteins. Averages of three replicates, each with triplicate
infections ( = SEM) are shown. Statistical differences were determined by unpaired t-tests: *p < 0.05, **p<0.01,
***p<0.001, and ****p<0.0001. Bottom: Western blot analysis of protein expression levels of HA-tagged proteins
made in the AGM and patas A3H backgrounds. Vinculin is used as a loading control.
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Lack of evidence that evolution in A3H leading to AGM has been driven by Vif
The variability in A3H function throughout Old World monkey evolution suggests
an outside selective pressure is driving its loss. Antiviral restriction factors are often
rapidly evolving and undergo positive selection [88], which is defined by an excess of
nonsynonymous mutations compared to synonymous mutations. Evolutionary conflicts
between host restriction factors and viral proteins to either maintain or escape
interactions result in an accumulation of nonsynonymous mutations at binding
interfaces. A previous study found that A3H is under positive selection [127]. However,
the study used fewer primate sequences which can bias the analysis. Therefore, we
wanted to re-test positive selection in primate A3H using additional sequences we
obtained from Old World monkeys. Using the PAML (phylogenetic analysis by maximum
likelihood) program [143], we calculated the number of nonsynonymous mutations (dN)
over the number of synonymous mutations (dS) for the entire A3H gene as well as
individual codons. In agreement with previous data, we found that the A3H gene is
under positive selection and with a dN/dS ratio of 1.3 in all primates. Additionally,
models that allow codons to evolve under positive selection fit the data significantly
better than models that do not for all primate clades (Figure 17A). We evaluated
individual sites within the gene and found that in all primates, a total of 19 residues are
under positive selection with a posterior probability > 0.98. One site, position 90, has
been implicated in Vif-binding interactions, but only had a posterior probability > 0.98 in
one codon model (F3x4; Figure 17A). Since selection can sometimes be driven by the

inclusion of specific clades in the analysis, we also condensed our analysis to Old World
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monkeys alone and found that 5 sites remain under positive selection (blue arrows,
Figure 6B), all of which are polymorphic in AGMs (Table 1). No positively selected
residues in Old World monkey A3H are in the putative Vif-binding region [154, 155].
Thus, we conclude that multiple sites are under diversifying selection in primates but are
likely not driven by lentiviral Vif.

In order to test the hypothesis that the changes in A3H in the lineages leading to
the AGMs were not driven by the Vif protein of the lentiviruses that infect AGMs, we
tested the restriction capabilities of the node 1 and node 2 ancestors against HIV-1
proviruses expressing Vifs from four SIVagm strains. We also included the codon-
optimized AGM A3H since, as it is isolated from an AGM, should be susceptible to
degradation by all Vifs encoded by SIVagm. Of interest, the node 2 ancestor encodes
an aspartic acid (D) at amino acid 100, which has previously been important for
differences in Vif-biding for SIVcpz and HIV-1, while the node 1 ancestor and all AGM
A3Hs encode an asparagine (N) [154, 155]. The antiviral activity of all ancestors, as well
as codon-optimized AGM A3H, was counteracted by each Vif, resulting in a rescue of
viral infection (Figure 17C). Moreover, antagonism of A3H by each Vif protein was
accompanied by a loss of packaging of A3H into virions (Figure 17D). Because there
are no differences in the ability of Vif to rescue viral infection, these data suggest that
Vif is not the primary force on A3H evolution in AGMs, which is instead driven by

different selective pressures.
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Figure 17. Evolution of A3H is not driven by Vif
A. Results of positive selection analyses of primate A3H. The last column lists sites under positive selection with

dN/dS >1 with a posterior probability > 0.98 under M8 Bayes Empirical Bayes (BEB) implemented in PAML
model 8. Sites are relative to African green monkey A3H. Sites that had a posterior probability > 0.98 in both
codon models (F3x4 and F61) are bolded. B. A3H from individual PR01190 was modeled onto the pig-tailed
macaque A3H structure (PDB 5W3V). Locations of positively selected sites are denoted by red triangles. Blue
triangles denote sites also under positive selection in Old World primates. Site 208 is part of a region missing
from the crystallized protein and is therefore not resolved in the model. C. Single-cycle infectivity assay done with
HIVAvif and HIV-1 expressing SIVagm Vif in the presence of codon-optimized AGM A3H haplotype 1 (CO AGM),
node 1 ancestor, and node 2 ancestor. Relative infection was normalized to viral infectivity in the absence of A3
proteins. Averages of three replicates, each with triplicate infections ( + SEM) are shown. Statistical differences
were determined by unpaired t-tests: *p < 0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Statistically significant
differences to the restriction of HIVAvif are depicted above each bar. D. Western blot analyses demonstrating
virion incorporation of A3H proteins in the absence and presence of Vif. p24 is used as a loading control.
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Discussion

We show evidence for the recurrent functional loss of APOBECS3H in primates.
We found that a decrease in protein expression levels, as well as amino acid mutation
in the N-terminal region, results in lower antiviral activity. Using molecular reconstruction
of ancestral ASH sequences, we found that the most recent common ancestor of AGMs
and patas monkeys likely encoded an active A3H, similar to other common ancestors
throughout evolutionary history. This suggests that recurrent loss is a more recent event
in primate evolution. Selective pressure by Vif is does not appear to be a primary force
behind the evolution of ASH in the AGM clade, but, as loss has occurred both in
humans and in other Old World monkeys, there may be a fithess cost to encoding this

mutator protein over long evolutionary time periods.

Molecular evolution of A3H protein impacts expression levels and antiviral
activity

While increasing the amount of A3H present in cells did increase its capability to
inhibit viral infection, greater antiviral activity does not perfectly correlate with higher
protein expression. Although codon-optimization increased both the expression level
and antiviral activity of ASH, codon-optimized AGM A3H haplotype 1 was still not as
potent as codon-optimized rhesus macaque A3H. Thus, both protein expression levels
and other amino acid differences that affect the function of A3H have led to the loss of
antiviral A3H activity in the AGM lineage. Moreover, although packaging of A3H was

equivalent between AGM and rhesus A3H, packaging efficiency of A3H did decrease
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after AGM A3H diverged from the node 1 ancestor. These results and the results of
testing each mutation along the AGM lineage show that multiple mutations were
acquired that affected the antiviral functions of the extant AGM A3H protein. Position 48
is fixed in AGMs, indicating that this change likely occurred first, while subsequent
amino acid changes concurrently altered the antiviral activity of the protein. However, a
K48Q mutation in the node 1 ancestor does not decrease its function (Figure 16C),
demonstrating that epistasis between observed amino acid changes more likely lead to
its loss. For instance, the AGM A3H double mutant H18R/Q48K inhibits viral infection
more comparable to the node 1 ancestor while the individual mutants do not, indicating
that both residues are required to gain antiviral activity (Figure 16B). Other AGM A3H
haplotypes have also accumulated additional nonsynonymous mutations (Figure 12A),
indicating that additional genetic drift may be actively driving A3H to become less
antiviral in AGMs, as many animals encode proteins with different expression levels and

antiviral activity (Figure 12B and C).

Why has primate A3H maintained partial activity rather than a complete loss?
Loss of protein activity can be indicative of a fithess cost. In the case of human
A3H, haplotypes encoding unstable proteins have been linked to greater cancer risk,
likely due to its nuclear localization and proximity to host DNA [151]. Moreover, human
A3H haplotypes Il and IV, which have a deletion at amino acid 15, have little to no
antiviral activity. We observe that AGM A3H haplotypes vary greatly in their antiviral

restriction and can restrict viral infection anywhere from 17 — 70% (Figure 12A).
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However, despite this immense variation in AGM A3H antiviral activity, we observed no
large deletions or premature stop codons, which would indicate that the gene itself is
being lost. Why has the antiviral activity of ABH not been lost completely in AGMs? It is
possible that A3H has been co-opted for a non-lentiviral function in Old World monkeys,
thus it is preserved. Alternatively, ASH could be retained through linkage to protective
A3G haplotypes. A3G and A3H are located close together on chromosome 19 in AGMs,
meaning A3H haplotypes that have ultimately lost most of their function may still be
passed onto offspring, particularly if the A3G allele encodes a protein providing a
selective advantage. In support of this idea, we noticed poorly active A3H proteins in a
monkey encoding protective A3G, as characterized in a separate study [43]. This
individual, V005, encodes A3H haplotype 11 as well as an A3G haplotype that cannot
be antagonized by Vif proteins from SIVagm.ver or SIVagm.tan. Since A3G is a more
potent antiviral and this protein protects individuals from two strains of SIVagm, the
protection it supplies may supersede any detrimental effects incurred by the presence of

a less antiviral A3H haplotype.

Loss of activity of A3H due to recurrent mutations in a putative RNA binding
domain

Two mutations in human A3H gave rise to less potent protein variants: R105G
and a deletion of amino acid 15. Of interest, amino acid 15 is positioned within loop 1 of
the A3H protein. Recent work has revealed that loop 1, 7, and a6 are important for

binding to an RNA duplex [131-133]. We similarly identified that amino acids 18 and 20,
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found within loop 1, are important for increasing the antiviral activity of AGM A3H
(Figure 16B). The analogous locations of such residues may suggest that these
changes impact the antiviral activity of ASH by affecting its capability to bind to viral
RNA. Dual amino acid changes at residues 18 and 20 in AGMs increase the antiviral
activity of A3H close to the levels of a recent common ancestor. An additional mutation
close to the catalytic site, Q48K, together with either H18R or S20N in AGMs, further
increased antiviral activity. Furthermore, we found that amino acid 17 similarly
increased the antiviral activity of patas monkey A3H. This residue is polymorphic in
AGMs, suggesting that this change may have occurred in a common ancestor not
tested in this study. We also find that other Old World monkeys have changes within
loop 1, such as a six amino acid deletion of residues 18 - 23 in De Brazza’s monkey and
an R18H mutation in talapoin (Figure 16A). The diversity within loop 1 of Old World
monkey A3H is indicative that A3H activity was possibly lost multiple times
independently. RNA-binding has been shown to play an important role in the antiviral
activity of ASH [131, 132] and thus loss of RNA-binding may result in functional loss.

One caveat to our studies is that we have not measured A3H protein levels in
primary AGM cells nor in animals. Nonetheless, analysis of activities and protein levels
of cloned human A3H genes did mimic their endogenous protein levels and antiviral

activity [138].
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Vif does not appear to play a role in evolution of A3H along lineage leading to
AGMs

AGMs are highly polymorphic in a number of antiviral genes that are specific to
infection with lentiviruses in both AGMs explicitly and other primates [125], further
highlighting the adaptation to SIV within this particular species. Indeed, we found that
multiple sites in A3H are under positive selection in primates, which is suggestive of an
evolutionary arms race between A3H and another protein. Evidence of A3H-Vif
interactions are evident in hominoids, as SIVcpz Vif adaptation to stable human A3H
was crucial for transmission of SIVcpz [139] to humans and HIV-1 Vif is highly variable
in its ability to target stable human A3H proteins [134, 136-138]. Interactions between
Vif and other A3 proteins have also been well-characterized in chimpanzees and
humans [42, 154, 155]. Multiple A3s in chimpanzees protect them from infection by
SIVs in Old World monkeys. Therefore, Vif must adapt to antagonize multiple A3
proteins such as A3D and A3G [149]. However, we find that Vif did not play a role in
A3H’s evolution in AGMs since ancestral proteins were comparably susceptible to
antagonism by Vif. Loss of A3H function may facilitate cross-species transmission of
SIVagm strains between AGM subspecies [156] due a diminished A3 repertoire.
Although many A3 proteins in the family may be redundant, encoding a diverse range of
A3s is likely important to achieve maximum protection against lentiviruses.

Since lentiviruses have infected simian primates for millions of years [42], it is
unlikely that the lack of residues altering A3H-Vif interactions in AGMs stems from

recent infection of Old World monkeys. It is possible that the changes are the result of
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genetic drift or driven by a different viral pathogen in these primates. Conversely,
positively selected residues may indicate evolutionary toggling to preserve or eliminate
protein function. This is supported by the finding that many amino acid residues found to
increase the antiviral activity of ASH in AGMs are under positive selection (Figure 17A,
6B). It is also possible that the relative importance of different A3 proteins may change
dependent on the evolutionary history of a species, driven by the redundancy of the
protein family. In the Old World monkeys studied here, less active A3H proteins may
impart an increased risk for host genome mutations, thus its function was lost due to the

balance between viral protection and host fitness.

Our data implies that A3H function was lost prior to the divergence of different
SIVagm strains due to its inactivity in all AGMs. Thus, Vif proteins from the ancestral
virus may not have required adaptation to escape the antiviral activity of ASH and
instead evolved in response to pressure from the more potent A3G. Expansion of the
primate A3 locus provides flexibility of this antiviral protein family to take different
trajectories throughout evolution. We have demonstrated that A3H activity is fluid
throughout the evolutionary history of primates. In addition to previous work in humans,
the A3H homolog in felines, APOBEC3Z3, was recently shown have a similar functional
loss [157], demonstrating that loss of A3H and its homolog are frequent throughout a
variety of animal species. Such widespread loss of function is suggestive of a potential
fitness cost to hosts, although the presence of modern and active A3H proteins

exemplifies the importance of encoding a diverse A3 locus in primates.
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Chapter 4. Perspectives and Future Directions

In my thesis, | show that A3H is evolutionarily dynamic and activity has been lost
multiple times throughout primate evolution. A3H is highly polymorphic in four
subspecies of African green monkey and all tested protein variants have lost at least
some antiviral activity. This decrease in potency is due to both protein expression levels
and amino acid mutations that affect protein function. Furthermore, loss of activity in
AGMs and closely related patas monkeys was a relatively recent event, as their most
recent common ancestor encoded a more active protein. The loss of activity along the
AGM lineage was associated with a decrease in packaging efficiency of AGM A3H into
virions. | additionally show that the evolution of A3H along the AGM lineage was not
driven by Vif, despite strong evidence of positive selection at multiple residues.
However, because A3H activity has been lost in some Old World monkey and hominoid
species, there may be a fitness cost conferred to the host by more potent A3H proteins
in the absence of an outside selective pressure to retain its function. This work
contributes to our knowledge of A3 locus diversity in primates. Having a broad scope of
knowledge into how primates control and prevent cross-species transmission can aid in
predicting or rapidly treating newly emerging pathogens. Appreciating the fithess
landscape of a virus during interactions with its host will also help innovative
researchers develop better treatment or cure strategies that can minimize the risk for
viral evasion.

A multitude of questions remain concerning the broader implications of

APOBECS proteins. Analyses regarding mechanisms responsible for the loss of A3H



73

activity, as well as roles of other AGM AS3s in viral restriction and the impact of a diverse
A3 locus in the evolutionary arms race with SIVagm Vif, are not yet fully elucidated.
Moreover, the field still does not have a full understanding of the importance of A3Z3
proteins, the most evolutionarily divergent in the A3 family, throughout mammalian
history. | will use this discussion to address these topics and explore possible avenues

of research.

Mechanisms of APOBEC3H activity loss

A3 proteins are known to interact with RNA, which is an important factor for
efficient packaging into virions and antiviral activity. The RNA binding of A3G is the best
characterized and has been shown to associate with viral genomic RNAs as well as
some cellular RNAs, although there is no consensus as to the extent at which A3
proteins bind cellular nucleic acids. In particular, A3G and A3H have been
demonstrated to bind 7SL RNA, a signal recognition particle RNA and important
component of the viral ribonucleoprotein complex including Gag and viral genomic RNA
[158, 159]. Indeed, the deaminase activity of A3H is RNase-dependent, since the
addition of RNase increases deamination of DNA targets, suggesting that DNA and
RNA binding to similar surfaces on the protein. Furthermore, a deletion of amino acid 15
(AN) in human A3H haplotypes Il and IV has been reported to alter the RNA binding
activity of the protein, thus reducing its stability and antiviral activity [160].

Recently, the structure of ASH was determined and some groups co-crystalized

the protein, from either pig-tailed macaques or humans, in a two-molecule complex
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bound to an RNA duplex [131, 133]. This RNA duplex is composed of 7 paired bases

and 2 unpaired nucleotides at the 5’ end. It is not completely certain whether the two
proteins contact, but there is evidence showing that residue 23 facilitates an interaction
between A3H molecules in humans. Sites involved in RNA binding are clustered in loop
1, loop 7, and the a6 helix, in which many positively-charged amino acids form patches.
Sites 110 — 115 in loop 7 form an aromatic cage that cap the 3’ end of the RNA duplex,
while residues 13 - 30 in loop 1 stabilize an RNA kink. A basic patch of amino acids in
the a6 helix (171, 174, 175, 176, and 179) have also been shown to play a role in RNA
binding. Abrogating these patches would conceivably alter the ability of the protein to
bind RNA, which may have implications for packaging into virions as well as cellular
localization and antiviral activity. For instance, mutants that lack RNA-binding
capabilities are found predominantly throughout the entire cell, including the nucleus,
while wild-type A3H is mainly seen in the cytoplasm [131]. This supports previous data
that unstable human A3H haplotype | localizes more to the nucleus and stable
haplotype Il is cytoplasmic [130].

Moreover, the connection between RNA and A3 proteins in the context of
packaging has not fully been explained. RNA binding is thought to be associated with
increased packaging, as interactions between A3G and the nucleocapsid region of HIV-
1 Gag are required for efficient incorporation into virions [161-164]. Furthermore, this
interaction has been previously shown to be RNA-dependent, although whether this
binding is specific [158] or promiscuous [159] remains to be determined. Of note, 7 nt

RNA duplex structures similar to that co-crystalized with A3H are enriched in the HIV-1
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genome compared to cellular genomic DNA [133]. This seems to indicate that A3H has
some form of binding specificity for viral genomes over host genetic material. It is
possible that conserved 7 nt motifs, if found across all retroviruses, have driven A3H to
preferentially bind these short RNA duplexes, not often observed in cellular DNA, to
mediate their specificity and packaging. Alternatively, a different signal upstream of
these RNA motifs may facilitate ASH-RNA binding. Evaluating the binding preferences
of A3H to other viruses that are predicted to form similar 7 nt RNA duplexes would be
useful to determine whether the specificity is truly tied to certain viral RNA structures,
other patterns that have not yet been explored, or if it is nonspecific.

While AGM A3H is highly polymorphic, many of the amino acid substitutions
observed in the group of analyzed AGMs are located in parts of the predicted structure
implicated in RNA binding. Specifically, residue 18 and 20 in loop 1 appear to be
important for protein function as creating H18R and S20N mutations together rescue
antiviral activity of AGM A3H haplotype 1 to the level of the common ancestor with
patas monkeys (node 1; Figure 16B). Characterizing the mechanism for the increase in
antiviral activity of this mutant would reveal further evidence that RNA binding is critical
for ASH function. If packaging is truly dependent on RNA binding and mutations at
residues 18 and 20 abolish this interaction, then an H18R/S20N AGM A3H mutant and
the node 1 ancestor should have equal packaging, in contrast to the observed
difference between wild-type AGM and node 1 A3H (Figure 15D). However, it is also
conceivable that these mutations make A3H a better enzyme, in which case a mutant

encoding H18R/S20N would more efficiently edit ssDNA targets. Purifying these
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proteins and analyzing their activity in vitro would determine differences in inherent
function.

It is further possible that RNA binding facilitates dimerization of A3H proteins and
monomeric forms are quickly degraded in the cell by host pathways, leading to their low
expression. Thus, observations that less active haplotypes of human A3H, such as
haplotype I, have shorter half-lives may be reflective of an inability to bind RNA rather
than another cellular protein that anchors it into the cytoplasm, as some hypotheses
predict. Perhaps RNA binding shields sites that would otherwise be tagged for
degradation by the proteasome [131]. When the node 1 A3H ancestor and AGM A3H
were expressed in packaging experiments, the node 1 A3H ancestor was observed at
2x the level of AGM A3H haplotype 1 in the cell, compared to equal levels seen when
A3H alone is overexpressed (Figure 15C vs 15D, left). It is possible that in the absence
of viral RNA to bind, node 1 A3H cannot form higher molecular weight complexes and is
ultimately degraded by the cell. Assessing the oligomerization and expression of
antiviral A3H after viral infection in the presence or absence of RNase compared to less
potent A3H proteins would help determine the specific role of RNA in packaging and
protein stability.

Overall, further study into why and how A3H proteins display such variation in
antiviral function is warranted to better understand its general mechanism of activity.
This work would determine how RNA impacts packaging, oligomerization, and

enzymatic functions.
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What is driving the evolution of A3H?

Although a co-crystal structure of HIV-1 Vif bound to a human A3 protein has not
been described, mutagenesis and positive selection studies have extensively
characterized their potential binding interfaces. Vif has been shown to drive the
evolution of A3G proteins in AGMs and other Old World monkeys [42, 43], indicated by
the existence of A3G proteins that are resistant to Vifs from other SIV strains. A3H has
been shown to have a similar role in hominoid infections. Stable A3H proteins are a
species barrier to SIVcpz infection of humans [139] and has been correlated to lower
risk of transmission and slower progression to AIDS [140, 141]. Therefore, vif must
evolve to overcome stable A3H restriction.

However, the same is not true for AGM A3H. Along the AGM lineage in primate
evolution, Vif did not impact the evolutionary trajectory of A3H since all SIVagm Vif
variants can rescue viral infection in the presence of A3H proteins dating back to the
common ancestor of AGMs and other guenons (node 2). A signal of positive selection is
observed in A3H using the Old World monkey phylogeny, suggesting that A3H is in an
evolutionary arms race. One explanation for this is that Vif is driving evolution of A3H in
other Old World monkeys, which | did not use in functional tests. An expanded
assessment of A3H antiviral activity and susceptibility to Vif across different Old World
monkeys may reveal evolution at A3H-Vif binding residues, indicating virus-driven
evolution in other primate lineages. Another explanation is that A3H has adopted a
different function in the AGM lineage, thus interactions with Vif are irrelevant and its

evolution in these monkeys is the result of its new role. For instance, it may play a



78

significant role in viral restriction of a different virus, as A3 proteins have been shown to
antagonize DNA viruses such as hepatitis B and herpes viruses [165, 166]. It is possible
that AGM A3H is more active against another virus found in AGMs compared to
SlVagm, in which case further study into common viral pathogens would be merited.
Alternatively, ASH may be linked to protective haplotypes of other A3 proteins,
such as A3G [43]. A3 genes in AGMs are located in tandem on chromosome 19 and
their close proximity makes it likely that genes will be passed on to offspring together.
Alleles that provide a selective advantage to such offspring will be more likely persist in
populations. Therefore, it can be expected that AGM A3G haplotypes VII or VIII, which
protect sabaeus and grivet monkeys from SIVagm.ver/SIVagm.tan infection, may
provide a critical advantage to AGMs that encode it, surpassing the negative
consequences of a less potent A3H haplotype. Thus, its evolution is driven by beneficial
effects to the host from other A3 proteins encoded on chromosome 19 and not
necessarily by its interactions with a viral antagonist. A better representation of the A3
locus composition for individual AGMs by genotyping would demonstrate which alleles
are frequently encoded together. Experimental evolution studies to evaluate how vif
evolves under pressure from multiple encoded A3s could also provide useful
information regarding not only the importance of having A3H but also how multiple A3

proteins impact SIVagm evolution.
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What role does A3H play in vivo?

Most studies examining the evolution and function of A3BH have been conducted
in vitro or have focused on viruses isolated from single patients. Experimental evolution
studies have shown that HIV-1 Vif can evolve to antagonize stable human A3H proteins,
suggesting that stable A3H is a relevant restriction factor in vivo [137, 138]. Additionally,
stable human A3H may have been a barrier to cross-species transmission that required
adaptation of SIVcpz vif before it could establish infection in humans [139]. However,
the importance of A3H has not been fully characterized in vivo and it remains unclear
how variation in human A3H impacts transmission between individuals and the overall
evolution of HIV-1 Vif. Experiments in humanized mice utilizing competition assays and
mathematical modeling suggest that there is a robust effect of stable A3SH on HIV-1
fitness during replication in the host and that ABH may be a crucial factor in human-to-
human transmission [167]. When mice encoding stable haplotypes of human A3H were
co-infected with two viral strains, one that encoded vif able to degrade stable A3H
(hyper) and one with a vif that could not (hypo), the virus encoding a hyper vif
outcompeted hypo vif strains. Conversely, in mice encoding human A3H haplotype |,
there was no clear advantage conferred to either viral strain. This suggests that the
ability to counteract restriction by stable A3H is required for efficient HIV-1 replication,
while unstable A3H does not place selective pressures on viral fitness. Furthermore, de
novo mutations conferring a hyper Vif phenotype, meaning that it can antagonize stable
A3H proteins, arose during infection in mice, suggesting that the virus can evolve to

counteract A3H restriction in vivo. This model could further be used to explore the
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effects of various A3H haplotypes on viral transmission. Viruses isolated from human
patients or those generated in the previous study [167] could be used to infect mice
encoding a different haplotype, as it is possible that stable haplotypes of A3H are a
transmission barrier to strains isolated from individuals encoding unstable haplotypes.
Questions regarding the evolution of HIV-1 vifin response to diverse A3
repertoires could also be addressed using a human cohort model. Discordant couple
cohorts, where one partner is HIV+ and the other is HIV-, have been particularly useful
to study treatments preventing the spread of HIV between individuals. Monitoring for
seroconversion of the HIV- partner can identify crucial factors for transmission or the
effectiveness of new drugs and methods to prevent transmission [168-170]. Such a
cohort can also be used to study viral evolution upon infection of a new host. Tracking
transmission between individuals encoding different A3H haplotypes would reveal
whether HIV-1 vif evolves in response to changing A3H environments and how often
transmission events occur between individuals encoding different ASH alleles. Viral
strains could be isolated and sequenced from each partner after seroconversion of the
HIV- partner to determine the variation in vif, where amino acid changes normally
associated with A3H antagonism would be identified. Functional assays, such as
competition experiments in T cells expressing stable A3H, can further determine
advantages or disadvantages to A3H antagonism. It is possible that transmission from
an individual encoding less active haplotypes to a partner with an active and stable
haplotype is not as successful due to A3H acting as a transmission barrier, while

transmission in the opposite direction is more efficient. It is also possible that no
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relationship between A3H and HIV-1 Vif will be observed, indicating that this virus-host
interaction is not actively impacting the evolution of its participants. It would be valuable
to assess whether the evolution of HIV-1 vifis driven by A3H variants in vivo and
highlight the role of lentiviral restriction factors in viral transmission and evolution.

Along a similar line of inquiry, one caveat to my thesis is that the work relies on
experiments in immortalized cell lines and uses expression vectors rather than
measuring endogenous protein. One possibility is that A3SH is expressed differently,
either at much higher levels or not at all, in the relevant cell types of living AGMs. While
studies encompassing characterization of less active human A3H have been
extrapolated to human primary cells, it would be worthwhile to measure the effects of
endogenous protein on viral replication in AGM primary cell cultures. This would require
designing an antibody to recognize a conserved epitope to capture the diversity of AGM
A3H proteins and ensure that the protein is indeed expressed in AGM immune cells. |
could then compare endogenous protein levels to rhesus macaque primary cells to
confirm that they are indeed different. Moreover, primary T cells from infected AGMs
may encode proviruses in their genome, which could be sequenced to identify
signatures of A3 hypermutation (G-to-A). The ssDNA dinucleotides targeted by A3
proteins are slightly different between A3G and A3D/A3F/A3H. A3G prefers 5’ CC
dinucleotides while the others target 5 TC motifs in minus strand DNA [171]. While A3H
cannot be distinguished from hypermutation by A3D or A3F, seeing G-to-A
hypermutation from 5’ GA to 5’ AA would hint that other A3 proteins are active in AGM T

cells and restricting SIVagm infection. Viral outgrowth assays could also be used to
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determine whether the proviruses are replication competent or hypermutation by
A3D/A3F/A3H is lethal to viral infection. Lastly, genotyping AGMs and following infection
could provide associations to different viral outcomes. While AGMs do not progress to
AIDS, monitoring acute infection dynamics when exposed to a SIVagm strain from a
different subspecies could allow us to determine whether other A3s are linked to

protective A3G alleles and view their effects on viral evolution during infection.

Role of other A3 proteins in the AGM A3 — SIVagm Vif evolutionary arms race

AGM A3G has been shown to influence Vif adaptation in vivo [43]. After infection
of sabaeus monkeys with an SIVagm.ver strain, vifs isolated from a homozygous
individual encoding protective D130H A3G haplotype VIII successfully rescued some
level of infection against haplotype VIII in single-cycle infectivity assays, while Vif
proteins from a heterozygous individual (D130/H130) and homozygote (H130) were not.
However, Vifs from the individual encoding D130H did not completely rescue viral
infectivity to the level of a naturally circulating SIVagm.sab strain. Furthermore,
adaptation may have impacted the ability of Vif to recognize other A3G haplotypes in
AGMs. This suggests that other A3 proteins may be affecting viral evolution of SIVagm.
Since primates encode seven A3 proteins, at least four of which are antiviral, SIVagm
Vif must recognize multiple targets during infection. Adaptation of vifto maintain
antagonistic interactions with all restrictive A3 proteins likely puts constraints on its

evolutionary trajectory.
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However, since my work has shown that A3H is poorly active in AGMs, other
antiviral A3 proteins may play a role, in conjunction with A3G, to drive SIVagm vif
evolution. While A3G is the most potent antiviral protein in the family and has generally
been shown to be the most important in lentiviral restriction, ASF, A3D, or A3C could
similarly be highly polymorphic in these animals and be additional selective pressures
on viral fitness. For example, chimpanzee A3D is capable of protecting them from
cross-species transmissions of SIV strains from Old World monkeys [149]. A survey of
other A3 genes in African green monkeys would reveal an improved representation of
the diversity seen within the locus. Functional assays of identified protein variants can
determine which A3s are active antivirals and whether any demonstrate species-specific
restriction of particular SIVagm strains. If certain A3D haplotypes are found to contribute
to species-specificity similar to A3G, for example, it would suggest that A3D and A3G
are acting in concert to hinder SIVagm replication. Alternatively, no obvious phenotypes
may be observed, indicating that A3G is the primary driver of vif evolution in AGMs.

It would also be valuable to expand the current panel of primates, which is
currently comprised of 50 animals. Since AGMs are numerous and widely-distributed
across Africa, expanding to include more individuals from disparate regions would
provide a more complete picture of the diversity encompassed in the A3 locus.
Surveying the genetic diversity of these primates would additionally give a better sense
of how such extensive variation influences species-specificity of SIVagm strains, as well

as the adaptive forces governing co-evolution of viruses and their hosts.



84

What can we learn studying AGM populations that are not infected with SIVagm?

Out of six described subspecies of AGM, four are known to be infected with a
species-specific strain of SIVagm: vervets, sabaeus, tantalus, and grivets. These
primates are infected with SIVagm at a high prevalence: around 70% in adult animals
[122]. However, no reports of SIVagm infection have been identified for two other
subspecies: malbrouck (C. cynosuros) or Bale mountains vervets (C. djamdjamensis).
This may be indicative of insufficient testing, particularly as Bale mountains vervets are
composed of a very small population in the bamboo forests of Ethiopia. Alternatively,
these groups could have been infected with a species-specific lentivirus that has since
gone extinct, diverged from their sister species before the introduction of SIVagm into
the population, or never been exposed to the virus. A recent study evaluated the genetic
diversity of AGMs, encompassing the broad distribution and various subspecies [125].
Overall, AGMs were found to be highly diverse and many genes involved in viral
processes were under diversifying selection. A number of these genes are specific to
SIV infection in AGMs compared to rhesus macaques, suggesting that they may signify
host adaptation to SIV. However, because this was a broad survey of the genetic
diversity including multiple subspecies of AGM, it would be interesting to further contrast
the differences between populations that harbor a characterized SIVagm strain and
those that do not. This would require doing more complete SIV infection surveys of
malbrouck and Bale mountains vervet groups, as well as taking into consideration new
subspecies of AGMs as novel species within the genus are identified. The discovery of

new SlVagm strains would be a useful finding for continued SIV research in natural
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hosts. However, if no new strains of SIVagm are identified, then evaluating whether the
genetic diversity seen in vervets, sabaeus, tantalus, and grivet monkeys similarly
translates to SIVagm-free populations could provide valuable insight into virus-driven
host evolution. An absence of diversity in some antiviral genes would support the idea
that lentiviruses have been driving the evolution of AGMs since the introduction of
SlVagm. Conversely, observing a similar level of genetic diversity, in the absence of
SlVagm infection, would indicate that other pathogens or evolutionary forces have been
influencing the antiviral repertoire of African green monkeys. However, this could also
signify that these populations have eradicated SIV infection, in which case they would
become a useful system to better understand how host adaptation to viral infection can
lead to virus extinction. Infections of individuals from SIVagm-free subspecies with
current SIVagm strains may reveal disparate immune responses or novel barriers to
cross-species transmission. This information could help researchers identify new targets

to boost human immune responses to lentiviral infection.

Impact of polymorphic lentiviral restriction factors on SIV infection in other hosts

More than 40 African primates have been found to harbor SIV infection, a handful
of which effectively control disease progression, called natural hosts. These natural
hosts do not progress to an AIDS-like disease and appear to sustain viral replication
without obvious effects on host health. Natural hosts, like AGMs, have provided a
plethora of beneficial information that has led to advances in our understanding of HIV

biology [52-54]. Thus far, the impact of polymorphisms in A3G, SAMHD1, and now A3H
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on viral infection have been characterized in AGMs [43, 78]. The protective effects of
polymorphic lentiviral restriction factors have also been shown in non-natural hosts like
rhesus macaques. SIVmac was the result of a cross-species transmission of SIVsmm
from sooty mangabeys. Polymorphisms in A3G likely played an important role in the
adaptation of SIVsmm to rhesus macaques [44]. Vif proteins from the SIVmac lineage
acquired mutations that specifically allowed antagonism of diverse rhesus macaque
A3G proteins, suggesting that divergence in lentiviral restriction factors is important for
cross-species transmission and the emergence of new viruses. My work also showed
that A3H activity was gained in rhesus macaques (Figure 15C). As macaques are Old
World monkeys found in Asia, where natural SIV infections have not been described,
this suggests that ancient primate lentiviruses prior to the introduction of SIV drove
evolution of the A3 locus, perhaps after the geographic separation of African and Asian
primates. Nevertheless, our understanding of the breadth of diversity within restriction
factors is not complete. An examination of restriction factor diversity within African
primates harboring lentiviruses would provide a more comprehensive idea of the
barriers primate lentiviruses must overcome, even within a single species. The recent
publication of the whole genome sequence from a sooty mangabey, which diverged
from rhesus macaques in several immune genes, is a step in the right direction [172].
Functional studies should be conducted to determine which genes encode proteins
relevant for controlling natural infection. These immune genes should also be
sequenced in a broad panel of sooty mangabeys from across Africa to explore whether

such genes are diverse in the population or are conserved in the species. Moreover,



87

understanding how this variation may relate to viral evolution would be invaluable to
better comprehend how interspecies diversity impacts viral fithess and transmission in

natural and non-natural hosts.

Broad importance and evolution of A3Z3 proteins in mammals

The A3 locus in mammals is highly flexible, with variation in the number and
arrangement of different genes. Throughout mammalian history, the locus has
expanded via gene duplication and contracted via gene loss and fusion. Of all A3
genes found in mammals, those with a Z3 domain (A3Z3), like primate A3H, are the
most evolutionarily divergent [101]. The work presented in my thesis, as well as the
work of others, shows that A3H protein function has been lost multiple times in primate
evolution: twice in humans, once in AGMs, at least once in patas monkeys, and possibly
in other Old World monkeys [129]. Similarly, an A3H homolog in felines lost function in
an analogous manner, with a deletion of two amino acids at positions 16 and 17 [157].
However, A3Z3 genes are found in all currently characterized mammals, including, and
not limited to, those from the orders Carnivora (carnivores), Rodentia (rodents),
Perissodactyla (odd-toed ungulates), and Chiroptera (bats) [101]. The recurrent loss of
A3Z3 function across mammals might suggest that its function is redundant, although
no known gene loss has so far been documented over such a long evolutionary time
period. Alternatively, A3Z3 proteins may impart a fitness cost on their hosts, as has
been documented in some humans encoding less active A3H haplotypes. Incidence of

cancer has been linked to unstable A3H haplotype |, which is more nuclear than stable
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variants and is thus in closer proximity to potential cellular DNA targets [151]. However,
my work shows that a loss of A3H function in Old World monkeys is not correlated with
localization to the nucleus, suggesting that a different fitness cost may impact AGMs or
that the mechanism to mitigate the cost is distinctive. Furthermore, no duplication
events or gene fusions involving A3Z3 genes are known to have taken place,
suggesting that either having more than one is detrimental or events are exceedingly
rare and have not yet been sampled. Having more complete knowledge of the extent to
which mammals encode functional A3Z3 proteins would allow for further study into the
various evolutionary trajectories. Functional studies to determine their inherent cytidine
deamination as purified proteins, antiviral activity against retroviruses and other viral
pathogens, as well as inhibition of retroelements would provide a high-resolution picture
of the flux within all A3Z3 homologs between active proteins and those that may have
lost some function. It is possible that some A3Z3 proteins in species not infected with
retroviruses may instead carry another inhibitory role, or that they restrict other viruses.
Analyzing the functional capabilities of A3Z3 throughout a wide variety of mammals
would allow us to explore the consequences, positive or negative, hosts face by

encoding these genes.

Concluding remarks

Studying the evolution of virus-host interactions has the power to make
fascinating discoveries that are relevant to our basic understanding of viruses, such as

viral evolution, as well as translational aspects, like preventing viral transmission. For
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example, the identification and characterization of innate immune barriers to cross-
species transmission could further help us improve predictions concerning which
zoonotic pathogens might cause future outbreaks in humans. The more we comprehend
about the history of viral infections in a host and the strategies implemented to thwart
such an infection, the better we may be able to predict the evolutionary paths that
viruses can take. We can then utilize these predictions to design novel therapeutics,
such as inhibitors for restriction factor antagonists like lentiviral Vif. Gene therapies have
made enormous strides in recent years, particularly with the discovery of CRISPR/Cas9,
and are becoming more sophisticated as scientists develop new treatments that can be
actively used in patients. Strategies using gene therapy to introduce mutations in
antiviral genes that can confer protection against infection could be a successful route
towards a functional cure for HIV by engineering cells resistant to infection. Our
understanding of how viruses and their hosts interact can help identify potential targets

for gene therapy and how viral evolution may impact their effectiveness.
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