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Abstract

HIV-2 is thought to have originated from an SIV progenitor native to sooty mangabeys. To model
the initial human transmission and understand the sequential viral evolution, humanized mice were
infected with SIVsm and serially passaged for five generations. Productive infection was seen by
week 3 during the initial challenge followed by chronic viremia and gradual CD4" T cell decline.
Viral loads increased by the 5 generation resulting in more rapid CD4* T cell decline. Genetic
analysis revealed several amino acid substitutions that were nonsynonymous and fixed in multiple
hu-mice across each of the 5 generations in the nef, envand vprregions. The highest rate of
substitution occurred in the nefand envregions and most were observed within the first two
generations. These data demonstrated the utility of hu-mice in modeling the SIVsm transmission
to the human and to evaluate its potential sequential evolution into a human pathogen of HIV-2
lineage.
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Introduction

Cross-species transmission events have given rise to a number of human pathogens that have
resulted in global pandemics/epidemics, including HIV-1 and HIV-2. While HIV-1 is
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responsible for most of the global AIDS pandemic, HIV-2 is also implicated as an important
cause of the disease in a number of regions such as West Africa, Europe, India and the
United States (Campell-Yesufu and Gandhi, 2011). The origins of HIV-1 and HIV-2 from
their ancestral SIV sources that eventually launched the AIDS epidemics during the 20t
century remains an enigma awaiting experimental testing and explanation. Genomic
evidence suggests that HIV-1 and HIV-2 evolved from cross-species transmission events
involving chimpanzees and gorillas as well as sooty mangabeys, respectively (Chen et al.,
1996; Hahn et al., 2000; Heuverswyn et al., 2006; Hirsch et al., 1989; Huet et al., 1990;
Keele et al., 2006; Sharp et al., 1994). The fact that SIV has existed for millennia with the
potential for zoonotic transmission, and that primates and humans have co-existed in West
and Central Africa for thousands of years presents the question of what adaptive mutational
changes brought about the emergence of the current HIV pandemic/epidemic (Fabre et al.,
2009; Hirsch et al., 1989; Sharp et al 1994; Worobey et al., 2010). Thus it is important to
identify and elucidate the molecular changes in the progenitor SIV genomes during their
transition from NHP viruses to human specific pathogens.

In order for SIV to infect a new primate species, the virus must be able to counteract
numerous host restriction factors. These include: (1) APOBEC3G (apolipoprotein B mRNA-
editing enzyme catalytic polypeptide-like 3G), which in the absence of Vif is packaged into
the virion and deaminates cytidine residues during reverse transcription (Sheehy et al.,
2002); (2) TRIM5a (tripartite motif 5a protein), which interferes with viral uncoating in a
species-specific manner (Sayah et al., 2004; Stremlau et al., 2004); (3) SAMHD1, which
acts by depleting the cellular ANTP pool available for reverse transcription (Berger et al.,
2011; Goldstone et al., 2011; Hrecka et al., 2011); (4) SERINC3/5 (serine incorporator 3 and
5), acts by inhibiting the early stages of viral infection by impairing the penetration of the
viral particle into the cytoplasm (Rosa et al., 2015; Usami et al., 2015); and (5) tetherin (also
known as BST-2 and CD317), inhibits virus release by tethering virions to the plasma
membrane (Le Tortorec and Neil, 2009; Neil et al., 2008). These host restriction factors act
as barriers to cross-species infection, but can be overcome through adaptive mutations that
alter how a protein interacts with the host restriction factor. APOBEC3G, SAMHD1,
SERINC3/5 and tetherin are all normally counteracted by Vif, Vpx/Vpr, Nef and Vpu/Nef;
respectively. Env is utilized by HIV-2 in order to overcome the structural differences
between simian and human tetherin (Goldstone et al., 2011; Jia et al., 2009; Kwak et al.,
2010; Laguett et al., 2011; Le Tortorec and Neil, 2009; Neil et al., 2006; 2008; Sheehy et al.,
2002; Usami et al., 2015; Zhang et al., 2009). A more complete understanding of how these
SIV strains successfully evolved to overcome these restriction factors will provide insight
into the evolutionary conflict that continues to occur between pathogenic retroviruses and
their hosts.

An animal model that permits SIV infection of human cells in vivo, allowing for persistent
viremia and long-term viral evolution, would be ideal to address many important questions
surrounding the cross-species jump by SIV. The generation of humanized mice, such as hu-
HSC and BLT mice, that harbor a transplanted human immune system appear to be well
suited for the task. Hu-HSC mice are prepared by engrafting human blood forming CD34*
stem cells into immunodeficient neonatal mice (Akkina et al., 2013; Garcia et al., 2012;
Shultz et al., 2012). These hu-HSC mice have been shown to be susceptible to HIV-1
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infection, sustain chronic viremia for as long as a year and display CD4* T cell loss that is
the hallmark of HIV infection (Akkina et al., 2013; Berges et al., 2010). These mice have
been previously used to study co-receptor switching from CCR5 to CXCR4, viral latency,
HIV sexual transmission by vaginal and rectal routes and pre-exposure prophylaxis (PrEP)
approaches (Akkina et al., 2013; Choudhary et al., 2012; Charlins et al., 2017; Garcia et al.,
2012; Neff et al., 2010). More recently, we also demonstrated the utility of the hu-HSC
mouse model for understanding HIV-2 pathogenesis and testing ART (Hu et al., 2017). The
presence of a broad spectrum human hematopoietic cells that encompass T cells, B cells,
monocytes/macrophages and dendritic cells at various stages of development and viral
susceptibility make these models particularly attractive to study human cell infectivity and
the evolution of SIV primary isolates into HIVs in the context of cross-species transmission
and pathogenic potential.

Several different hypotheses have emerged to explain how 13 independent SIV transmission
events lead to the beginning of epidemic HIV strains. A leading hypothesis is that serial
transmission of SIV in humans allowed for the accumulation of adaptive genetic changes in
SIV leading to the emergence of epidemic HIV strains (Marx et al., 2001). Here, we sought
to determine the evolution of SIVsm into HIV-2 using the hu-HSC mouse model to identify
viral adaptive changes. To achieve this goal, we sequentially passaged SIVsm in hu-HSC
mice and assessed viral loads, CD4" T cell depletion and genetic substitutions in each
generation in comparison to the input stock virus. We observed hallmark characteristics of a
pathogenic HIV infection in SIVsm infected hu-HSC mice, which included both an increase
in plasma viral loads and the increasing loss of circulating CD4" T cells with each passage,
which is indicative of increasing pathogenicity. Over the course of 5 passages, multiple
nonsynonymous substitutions in the nef, envand rev genes were observed, with the nefand
envregions displaying the highest rate of substitution. These data demonstrate that SIVsm
can cross the species barrier and infect human immune cells /n7 vivo and that this particular
model can be used to tease-out specific adaptive substitutions required for viral evolution of
SIV into a human pathogenic virus.

SIVsmEO041 causes productive infection and chronic viremia in hu-mice

To determine if a primary sooty mangabey SIV isolate can establish infection in hu-HSC
mice, mice engrafted with HSC from two independent human donors were injected with
SIVsmEOQ41 by intraperitoneal route and serially passaged for a total of five generations
(Figure 1A and 1B). Plasma viral loads were monitored on a weekly basis by gRT-PCR.
Viral infection was evident by week 2, with the viral loads increasing three logs by 70 days
post-inoculation. The successful infection of hu-mice by SIVsm showed its ability to cause
productive infection of human cells /n vivo. We next proceeded to carry out serial passages
of the virus in hu-mice. Viral loads peaked earlier during the 5™ passage compared to the 1t
passage followed by a gradual decline over the subsequent weeks, suggesting an increased
fitness of the virus to infect its target cells with serial passage (Figure 2A). No viral loads
were detected as expected in control uninfected mice (data not shown).
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SIVsSmEO041 infection leads to CD4* T cell depletion in hu-HSC mice

A central hallmark of HIV infection in humans is the depletion of CD4* T lymphocytes.
Previous studies have shown that successful HIV infection in hu-HSC mice results in
circulating CD4* T cell depletion (Aldrovandi et al., 1993; Baenziger et al., 2006; Berges et
al., 2006; Denton and Garcia, 2011). Peripheral blood samples collected bimonthly from
SIVsm infected hu-HSC mice (Figure 1) were assessed for circulating CD4* T cell levels
using fluorophore conjugated antibodies for CD45, CD3 and CD4. Baseline CD4* T cell
levels prior to infection were measured to be greater than 70% of all CD3* cells in each
mouse. Mice from the first viral passage showed a gradual decline of circulating CD4* T
cell levels, whereas the uninfected control mice did not show any marked CD4* T-cell
depletion (Figure 2B). In SIVsm infected mice, CD4" T-cell decline started within 10 days
post-infection. In comparison, the rate of CD4* T cell depletion in passage 5 mice was more
pronounced than in the earlier passages, suggesting increased pathogenicity of the virus to
these cells (Figure 2C). This is likely caused by the higher plasma viral loads observed in
passage 5, and is similar to the pathology observed in end stage human AIDS (Figure 2A).
This data showed that SIVsm can establish viremia resulting in CD4* T cell depletion in the
hu-HSC mouse model.

Genetic evolution of SIVsmEO41 during sequential passages in hu-mice

Viral adaptation in response to host innate and/or adaptive immune pressures may select for
certain genomic changes in the transmitted SIVsmEQ041 founder virus in humanized mice.
Viral fitness can be impacted by a number of viral attributes such as the affinity for CD4
receptor binding or efficient cellular membrane fusion. Initial infection can be due to the
existence of a low frequency variant in the Env region of the stock virus that eventually
becomes selected as the dominant viral phenotype over time. Completely novel mutations
that are not initially represented in the viral swarm can arise due to adaptive pressure to
counteract the effects of host restriction factors like tetherin or APOBEC3 in the nef, envor
vifregions. To assess genomic changes throughout the experiment and to search for possible
signatures of viral adaptation, next-generation sequencing (NGS) was performed on the
SIVsmEQ41 stock virus used to infect hu-HSC mice, as well as plasma RNA isolated from
the infected animals from all 5 generations. Samples were collected at various time points
ranging from 4 weeks to 6 months post-infection. We determined the consensus sequences
of the stock virus and passaged viruses from each time point. The consensus sequence of the
stock virus shared between 98.6 — 98.9% pairwise nucleotide identity in the coding region
with the viruses from passage 1 — passage 5, which shared >99.5% pairwise identity
amongst themselves, indicating that the largest bottleneck may have occurred upon initial
infection of human cells in the first passage (Figure 3, Supplementary Table 1). We also
calculated the frequency of all variants relative to the input virus with a frequency above 5%,
and determined whether variants were synonymous or nonsynonymous. The stock virus,
(p0), contained a number of variants with frequencies between 5% and 50%, as would be
expected from a primary virus isolate (Figure 3, Supplementary Table 1). Other viruses
contained variants that ranged from 5% — 100% (i.e. were fixed), with some variants
increasing in frequency across the passages. We searched for potentially adaptive variants
according to several criteria. We reasoned that adaptive variants would be those that: (1)
arose in the first passage and persisted at a high allelic frequency across subsequent
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passages, and/or (2) appeared in the first passage in multiple mice and increased in allelic
frequency across the passages (Table 2, Supplementary Table 1; Figure 4). Variants that
increased in allelic frequency across multiple passages were found throughout the genome,
with very few found in the pol, vif; vpror revgenes. Conversely, gag, envand nefwere
found to have a higher frequency mutation with 3, 6 and 2 mutations, respectively (Figure
4).

We also used the sequence alignments in the HIV Sequence Compendium (Foley et al.,
2016) to assess whether the non-synonymous variants produce a more “HIV-2-like” virus.
Specifically, we were interested in determining whether the variant changed the encoded
amino acid to one present in a higher fraction of HIV-2 sequences than in SIVsm sequences.
One mutation in particular, Env T829A, appeared at a relatively low rate in the first passage,
but subsequently became the dominant variant as passages were carried forward.
Additionally, while some SIV strains, such as SIVmac239, also contain this variant, it is
frequently found amongst the HIV-2 subtypes A, B and H. (Table 2).

Patterns of variation were assessed for evidence of purifying (negative) or diversifying
(positive) selection using SNPgenie (Nelson et al., 2015). The mean synonymous (d’s) and
nonsynonymous (dp) divergence from the reference sequence of the pooled NGS data was
determined on a gene by gene basis (Figure 5). Each gene showed varying degrees of
divergence, with nefand vifshowing the highest degree of nonsynonymous differences. In
contrast, vpx, gagand polall showed a markedly lower degree of nonsynonymous
divergence relative to synonymous divergence, which indicates that these genes are
undergoing a greater degree of purifying selection.

Discussion

Compelling evidence suggests that HIV-1 and HIV-2 arose through cross-species
transmission events from their respective ancestral SIVs that are native to chimpanzees/
gorillas and sooty mangabeys, respectively. However, the viral genetic evolution that occurs
and is reflective of host adaptive changes is still not well understood. In this study, we used
humanized mice to model SIVsm infection in human cells using a physiological setting /n
vivo, and performed serial passages of the virus to allow human adaptive changes assessing
both the phenotypic and genetic requirement for potential evolution into HIV-2. We used a
primary isolate of SIVsmEQ41 stock virus, isolated from a 21 year old captive sooty
mangabey. Whether or not this isolate is able to cause AIDS in an accelerated manner in a
naive young sooty mangabey remains to be determined. This virus was propagated in sooty
mangabey PBMCs in order to infect hu-HSC mice and thus comprises a viral swarm. During
our initial rounds of infection, we were able to successfully infect hu-HSC mice, which
displayed viremia over the course of several months and thus confirmed that infection of
human cells with a primary isolate of SIVsm is fully feasible and that persistent viremia
could be sustained.

These infected mice also displayed CD4* T cell decline, recapitulating a key feature of
human HIV infection. Comparison of viral growth and CD4* T cell loss kinetics between
the first and fifth viral passages revealed that infection onset occurs at a faster rate, viral
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loads are higher and CD4* T cell loss is relatively more rapid during the fifth passage. This
signifies enhanced viral adaptation and pathogenicity upon serial passage. This is consistent
with the hypothesis that SIVsm has evolved gradually during sequential infections to
become more pathogenic to humans (Marx et al., 2001). The above data collectively indicate
successful evolution of SIVsm in becoming more fit to replicate /7 vivoin human cells and
reflects the genetic changes in the parent virus during sequential passage. Accordingly, we
analyzed the viral sequences from the first to the fifth passage virus by NGS and evaluated
the sequence changes between these passages that encompass both synonymous and
nonsynonymous mutations.

Among the important genetic changes that are predicted include the ability of the virus to
gain entry into human cells efficiently and overcome host restriction factors. A number of
host restriction factors, such as TRIM5a., APOBEC3G and tetherin, pose a potential species-
specific barrier for viruses to mount a successful infection. Of these restriction factors,
tetherin, a transmembrane host protein, appears to have the most significant impact during
the evolution of HIV-1 and HIV-2 progenitors (Compton and Emerman, 2013; Simon et al.,
2015). Most S1Vs use the Nef protein to counteract tetherin by targeting its cytoplasmic
domain, while HIV-1 uses the Vpu protein in a similar manner (Sharp et al., 2011; Simon et
al., 2015). Nef has a range of roles in HIV and SIV infection that include: downregulation of
surface CD4 and MHC-1 expression, regulation of apoptosis, counteracting tetherin
antagonism, altering the cellular state of activation and enhancing virion infectivity
(Anderson et al., 1994; Arora et al., 2000; Atkins et al., 2008; Campbell et al., 2004;
Chowers et al., 1994; Finkel et al., 1995; Garcia and Miller, 1991; Greenberg et al., 1998;
Hua et al., 1997; Miller et al., 1994; Neil et al., 2008; Noviello et al., 2008; Sandstrom et al.,
1996; Schwartz et al., 1996; Simmons et al., 2001; Wei et al., 2005; Wonderlich et al, 2008).
Other SIVs and HIV-2 utilize their envelope proteins to target tetherins extracellular or
cytoplasmic domains (Le Tortorec and Neil, 2009). In a nefdeleted SIV mutant,
compensatory changes were acquired by gp41 in order to counteract tetherin antagonism
(Serra-Moreno et al., 2011). These varied anti-tetherin activities by lentiviruses appear to
have evolved independently against host-specific selective pressures (Strebel et al., 2013).

We observed several nonsynonymous mutations in Nef and Env that became fixed in the
population as seen in multiple mice across each generation (Figure 4; Supplementary Table
1). Consistently, we detected nonsynonymous mutations by passage 5 in Nef that
corresponded to amino acid substitutions at positions R10H, K11R and H12R
(Supplementary Table 1). These mutations occur in a region of nefthat overlaps with envin
a different reading frame. Additionally, these mutations are synonymous in the envreading
frame and only appear to directly affect nef. However, the presence of these specific changes
still warrants further investigation.

Homodimerization of Nef is important to create the PAK1/2 binding site that plays crucial
role in exerting the anti-apoptotic activity of Nef by the phosphorylation of Bad (Wolf et al.,
2001). In HIV-1, this dimerization is stabilized by a salt-bridge formed between amino acid
residues D123 and the dibasic R105-R106 motif (Kwak et al., 2010; Poe and Smithgall,
2009; Ye et al., 2004). One of the substitutions that became fixed by passage 5 in our study
was the substitution of a lysine at position 105 into an arginine (K105R) which underscores
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the possible importance of this position in the host cell adaptation of SIV (Supplementary
Table 1).

In SIVsm, Nef is used to counteract the action of tetherin, due to the absence of Vpu.
However, HIV-2 alternatively utilizes Env to antagonize the human form of tetherin that
contains a deleted cytoplasmic tail (Le Tortorec and Neil, 2009; Neil et al., 2008). Fixed
mutations identified in the gp41 region of Env, E827G and T829A, may contribute to
important adaptive changes (Figure 4). Additionally, the Gag M30K/R substitution found in
a previous study was observed in two mice from the second passage at very low allelic
frequencies and was subsequently lost in future passages (data not shown) (Poe and
Smithgall, 2009; Ye et al., 2004). This suggests that the Gag M30K/R substitution may not
be critical for species-specific adaptation. However, more functional studies are needed to
assess the importance of these mutations.

Further analysis of the genome as a whole, as well as on a gene by gene basis suggests that
while certain regions are becoming more adapted, other components of the genome are
much less tolerant of change. Using SNPgenie to assess the NGS data, ry, represents the
mean number of pairwise nonsynonymous differences per nonsynonymous site and s is the
same variable calculated for synonymous changes, were able to be elucidated across the
genome in a 9-codon sliding window analysis. The disparity between rry,and s values
indicate how strong purifying selection is acting on a certain part of the genome (Nei and
Gojobori, 1986). There were noticeable s peaks that were present in each gene, which
suggests that those regions may be subject to purifying selection, and are less likely to
tolerate amino acid substitutions (Figure 6). However, in several locations on the vifand nef
genes, this trend is reversed and the rp peaks are much higher than rg at the same genomic
locations. This could reflect positive (diversifying) selection and is consistent with the
higher dp/d;ratio associated with these genes (Figure 6). The ), peaks do not cover the full
length of each genome, but are instead representative of small 9 codon sliding windows of
analysis. It is reasonable to conclude that while the genes as a whole favor purifying
selection to prevent deleterious changes, individual regions within the genes may be more
tolerant of variation and indeed may be the key drivers of viral adaptation into new hosts
(Nelson and Hughes, 2015). These results provide targeted hypotheses for follow-up studies
to assess regions that control cross-species fitness.

A recent report by Yuan et al. utilized BLT hu-mice to assess the infection with various
chimpanzee SIVcpz strains to detect adaptive changes towards HIV-1. Interestingly, only
two non-synonymous mutations in env, both in SIVcpzMB897 and S1VcpzBF1167, at 14
weeks post-inoculation were found (Yuan et al., 2016). This is likely due to the short 14-
week period of evaluation during a single passage and that the whole genome was not
analyzed by next-generation sequencing. Also, the chimpanzee strains used were grown
from molecular clones representing homogeneous virus populations. In contrast, our study
on the evolution of HIV-2 employed a primary SIVsm isolate, was serially passaged 5 times
in hu-mice and the whole viral genomes were assessed for mutations on a global scale to
detect notable viral genetic changes that are selected to become fixed during long term viral
adaptation.
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In summary, our results showed that SIVsm can infect hu-HSC mice causing chronic
viremia leading to CD4" T cell decline. These properties are augmented between passage
one and five indicating sequential viral adaptation. Sequence changes noted during viral
adaptation may be indicative of increased fitness to the human host by passage 5; however,
functional studies of these mutations are needed. While we recognize that the progeny virus
from passage 5 has not fully evolved into HIV-2, it is likely that further passages are
necessary and experiments are currently underway to evaluate this question. Nevertheless,
our data demonstrates that SIVsm evolution in a human host can be modeled in hu-HSC
mice and that key adaptation mutations will be identified and further characterized.

Materials and Methods

Generation of humanized mice

Human fetal, liver-derived, CD34 cells were isolated, column purified (Miltenyi Biotec, San
Diego, CA) and cultured as previously described (Akkina et al., 1994; Bai et al., 2000;
Veselinovic et al., 2016). CD34™" purity was assessed by flow cytometry. Neonatal Balb/c
Rag1~/~yc™'~ or Balb/c Rag2~~yc™~ mice were preconditioned by irradiation at 350 rads
and injected intrahepatically with 0.5-1 x 10 human CD34* cells per mouse (Berges et al.,
2008; Veselinovic et al., 2016). Transplanted mice were then screened at 10-12 weeks post-
reconstitution for human cell engraftment. Peripheral blood was collected and the red blood
cells were lysed using the Whole Blood Erythrocyte Lysing Kit and the manufacturer’s
instructions (R&D Systems, Minneapolis, MN). Fractioned white blood cells were stained
with mouse anti-human CD45 FITC (eBioscience), CD3 PE (eBioscience) and CD4 PE/Cy5
(BD Pharmigen, San Jose, CA) for FACS analysis to confirm human cell engraftment
(Berges et al., 2006; Veselinovic et al., 2016). Mice were maintained at the Colorado State
University Painter Animal Center. The studies conducted in this publication have been
reviewed and approved by the CSU Institutional Animal Care and Use Committee.

SIVsm primary isolate SIVsmEO041

SM EO041 was a male sooty mangabey born in January 1981 at the Yerkes Primate Research
Center (YNPRC) for experimental leprosy infection and transferred in 1983 to the Tulane
National Primate Research Center (TNPRC) (Gormus et al., 1995a; 1995b). E041 was
infected with SIVsm by natural spread between group-housed mangabeys before leprosy
experiments began at YNPRC and neither clinical nor histological evidence of leprosy was
seen during 18 years of observation (Fultz et al., 1986; Ling et al., 2004; Murphey-Corb et
al., 1986). SM E041 was 21 years old when euthanized with clinical signs of AIDS that
included: high viral loads, low CD4* T-cell counts, SIV giant cell disease and B-cell
lymphoma (Ling et al., 2004). The SIVsmEOQ41 used in this study (Genbank accession
HM059825.1) was propagated in sooty mangabey PBMC, making it a true primary isolate
that is comprised of a population of closely related viruses. The tropism of this virus was
determined to use the major co-receptor CCR5 (Ling et al., 2004).

SIVsmEO041 infection of humanized mice and viral determination by gRT-PCR

Mice with high (>70% CD4" T cells) human hematopoietic cell engraftment levels were
used. At 16 weeks post engraftment, 200 pl of SIVsSmE041 (TCID50, 811) was injected into
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five hu-HSC mice intraperitoneally (i/p). All humanized mice used in subsequent passages
were inoculated with the same amount of virus using methodology as described above.
Peripheral blood was collected weekly using non-heparinized capillary tubes to assess
plasma viral load by tail vein puncture and transferred immediately to EDTA-containing
vacutainer tubes (BD Biosciences, San Jose, CA). PBS was added to the plasma, with a final
volume of 150 pl, and centrifuged at 400 x g for 5 minutes. Plasma was removed and viral
RNA was extracted from the plasma using the E.Z.N.A Viral RNA kit (OMEGA bio-tek,
Norcross, GA). Viral loads were determined using the iScript One-Step RT-PCR kit with
SYBR Green and the manufacturer’s instructions (Bio Rad, Hercules, CA). Primers were
designed based on a conserved region in SIVsmEQ41 /fr (GenBank accession number:
HM059825.1). Forward (5’-CCACAAAGGGGATGTTATGGGG-3’) and reverse (5°-
AACCTCCCAGGGCTCAATCT-3’) primers were used in a gRT-PCR reaction with the
following cycling conditions: 50°C for 10 min, 95°C for 5 min, followed by 40 cycles of
95°C for 15 sec and 60°C for 30 sec in the Bio Rad C1000 Thermal Cycler with a CFX96
Real-Time System (Bio Rad, Hercules, CA). The standard curve was prepared using a series
of 10-fold dilutions of viral SIVSmEO41 gag at a known concentration. The sensitivity of
this assay was 100 RNA copies per ml.

Determination of CD4" T cell levels

Flow cytometry was used to assess human cell engraftment levels in humanized SIVsm
infected and uninfected mice. Peripheral blood was collected in heparinized capillary tubes
by tail vein puncture bimonthly. 5 ul of FcyR-block (Jackson ImmunoResearch
Laboratories, Inc. West Grove, PA) was added to the blood cell pellet and then stained with
fluorophore conjugated hCD45-FITC (eBioscience), hCD3-PE (eBioscience) and hCD4-
PE/CY5 (BD Pharmingen, San Jose, CA) for 30 min. Erythrocytes were lysed using a RBC
lysing kit (BD sciences). After lysing, stained cells were washed twice with washing buffer
(BD Sciences) and fixed in 1% paraformaldehyde. Stained cells were analyzed using BD
Accuri C6 FACS analyzer. In order to measure CD4* T cell depletion in SIV infected mice,
CD3* T cell levels were calculated as a ratio of the entire CD45* (lymphocyte common
antigen marker) population. The CD4* T cell level was then determined based on the ratio of
the entire CD3* T cell population.. Engraftment levels of CD45, CD3 and CD4 were
measured before infection as a control. CD4* T cell decline was assessed using a two-tailed
Student’s t-test (<0.05) to compare the two groups of mice, infected and uninfected. All flow
data was analyzed using the FlowJo software package (FlowJo LLC, Ashland, Oregon).

[llumina sequencing and analysis

Plasma viral RNA from week 4, 16 and 28 were extracted using the E.Z.N.A Viral RNA kit
(Omega bio-tek, Norcross, GA) and amplified for 40 cycles using gene specific primers
which span the full-length genome of SIVsmEOQ41 (Table 1). The amplicons from different
primer sets were pooled together in equivalent amounts and subjected to next-generation
sequencing (NGS) at the sequencing core facility at University of Wisconsin, Madison. All
NGS sequencing samples were prepped using the Nextera XT DNA Library preparation kit
and the manufacturer’s instructions. The amplicon library was sequenced using Nextera XT
kit and MiSeq Illumina desktop sequencer (Invitrogen). The sequence reads were obtained
in FASTQ format and analyzed as described below.
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Whole blood filter packs were obtained from the Garth Englund Blood Center of Fort
Collins, CO. Mononuclear cells were isolated from human peripheral blood by Ficoll-Plaque
density centrifugation. PBMCs were grown in RPMI media containing 10% fetal bovine
serum (FBS), 2x antibiotic-antimycotic mix (Thermo Fischer Scientific) and 1% L-
glutamine. PBMCs were activated for 24 h with PHA at a final concentration of 2 pg per ml
and cultured in medium supplemented with 0.25 ng per ml of recombinant human IL-2 (R &
D Systems, Inc., Minneapolis, MN). The GHOST (3) cell line positive for CD4, CXCR4 and
CCRS5 were cultured in DMEM with 10% FBS supplemented with 500 ug/ml G418, 100
pg/ml hygromycin and 1 pg/ml puromycin (Morner et al., 1999).

Viral propagation of SIVsm in vitro by co-culturing with activated human PBMC

SIVsm infected mice with the highest plasma viral titer were sacrificed at the end of the
study and different tissues such as bone marrow, thymus, spleen, mesenteric lymph nodes
and whole blood obtained by cardiac puncture were harvested. Single cell suspensions were
made and leukocyte fraction isolated by Ficoll-Plaque density centrifugation. These cells
were counted, plated at a density of 4-5 x 106 cells/ml and activated using 2 pg/ml PHA and
0.25 pg/ml recombinant human IL-2 for 24 hours. These cells were then co-cultured with 10
x 108 freshly activated human PBMC from whole blood filter packs maintained in complete
RPMI supplemented with 0.25 ug/ml recombinant human IL-2. Cell supernatant was
harvested every third day and stored for use in future passages. Virus was quantified using
gRT-PCR as mentioned above as well as by GHOST cell titration and flow cytometry. Five
hu-HSC mice were then subsequently injected with 200 pl viral supernatant. This serial
passage methodology was repeated for each consecutive generation.

Viral titration using GHOST cells

Ghost cells were seeded in a 48 well plate and infected with cell supernatant harvested from
leukocyte/PBMC co-cultures in the presence of 8 ug/ml of polybrene (Sigma-Aldrich, St.
Louis, MO). After 4 h, cells were centrifuged, washed and reseeded. The infected Ghost
cells were harvested at 48 h post-infection, GFP expression assessed using flow cytometry
and the viral titer calculated in order to begin the next generation of infection.

Calculation of variant frequencies in sequencing datasets

To calculate variant frequencies in sequencing datasets, we first removed the adapter
sequences and low quality bases using the cutadapt software v1.9.1 (Martin, 2011). We then
used cd-hit v4.6 to collapse PCR duplicated sequences (Li and Godzik, 2006). Reads were
mapped to the stock virus consensus sequence using the bowtie2 software v2.2.5 (Langmead
and Salzberg, 2012). Bowtie2 BAM format output was used as input to lofreq software
v2.1.2 to call variants (Wilm et al., 2012). We required >20 total aligned reads and >5%
frequency to call a variant.

Assessment of amino acid frequencies in HIV-2 and SIV database sequences

To assess whether amino acids were ‘more HIV-2-like” or ‘more SIV-like’, we collected
multiple sequence alignments for each viral protein from the 2016 HIV Sequence
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Compendium (Foley et al., 2016). These alignments consisted of ~68 HIV-2 sequences and
~30 SIVsm sequences. We created separate position probability matrices for the HIV-2 and
the SIV sequences in each alignment that tabulated the estimated probability of each amino
acid at each alignment position, using the position-based pseudo-count method (Henikoff
and Henikoff, 1996). Positions with fewer than 75% gap characters were evaluated.

Determining the dy/dg ratio of each gene from passage 5

Single Nucleotide Polymorphism (SNP) reports were generated as described above using
lofreg. Using a FASTA file of the stock virus sequence obtained via NGS, a Gene Transfer
Format (.gtf) file of the stock sequence with CDS information included as well as the SNP
reports in VCF format (Format 2), SNPgenie (available at https://github.com/hugheslab/
snpgenie) was used to calculate the djyand dsvalues relative to the stock virus sequence.
Additionally, the nonsynonymous (7z) and synonymous (zs) nucleotide diversity were
estimated by a 9-codon sliding window analysis with SNPgenie according to Nei and
Gojobori’s (1986) methodology (Nei and Gojobori, 1986).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Modeling SIVsm transmission to the human and evolution towards HIV-2
lineage

Use of a humanized mouse model for evaluating SIVsm infection of human

Proof of concept study on viral zoonotic transmission and evolution in a new
host

SIV pathogenesis in humanized mice

Origin of HIV-2 from SIV sooty mangabey virus
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A. Experimental Scheme
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Figure 1. SIVsmEO41 infection of humanized mice
Schematic representation of the SIVsm infection and serial passage in hu-HSC mice.
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Figure 2. SIVsmE041 infection leads to chronic viremia and a gradual decline of CD4* T cells in
humanized mice
A) First and fifth generation plasma viral loads. Hu-HSC mice were infected via i/p route

and viral loads were monitored by gRT-PCR on a weekly basis. No viral loads were detected
in the uninfected control mice (data not shown). The percentage of circulating CD4" T cells
relative to CD3™* cells in the first (B) and fifth (C) generation consisting of SIVsm infected
and uninfected hu-HSC mice. Statistically significant depletion was seen for both the first
and fifth generation in infected mice relative to the uninfected mice (two-tailed Student’s t-
test, p< 0.05).
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Figure 3. Global variant analysis in virus populations during sequential passage
Frequencies of synonymous (grey) and non-synonymous (red) variants in the representative

SIV populations were determined from sequencing data (see Materials & Methods).
Populations from two mice per passage are shown. Regions with lower than 20x sequencing
coverage are indicated with blue lines, as well as the positions of the virus coding regions.
Mice used as a source for inoculum for the subsequent passage are indicated with a (*).
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Figure 4. Viral variants that increased in frequency between generations 1 and 5

Frequencies of nonsynonymous (red) and synonymous (grey) variants whose frequency
increased by more than 0.5 between passage 1 and 5 in representative SIV populations were

determined from sequencing data (see Materials and Methods). Mice
inoculum for the subsequent passage are indicated with a (*).
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Figure 5. The dy/dg ratio of each gene from generation 5 calculated against the SIVsm reference
sequence
The djyvalue was calculated via SNPgenie as the mean number of nonsynonymous

differences from the reference per nonsynonymous site in the input sequence with the ds
value being the mean number of synonymous differences from the reference per
synonymous site in the input sequence. The nefand vifgenes shows the greatest dp/ds ratios
in the genome, while vpx, gag, and po/all have drastically reduced ratios, suggesting that
more divergent evolution is occurring in nefand vif.
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and nef, there are regions with markedly higher 7z values relative to s, which is indicative

of diversifying selection.
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Primers utilized to generate amplicons for next-generation sequencing.

Table 1

Primer Location

Sequence

gag

gag/pol

pol

pol

pol/vifivpx

vif/vpx/vpr/tat/rev

vpr/tat/rev/env

env

env

env/tat/rev/nef

Forward 5’-CGCTCTGTATTCAGTCGCTCTG-3’
Reverse 5’-GTCCCTCCTTTCCACAATTCCA-3’
Forward 5’-GCTCAAGGGTCTGGGTATGAATC-3’
Reverse 5’-TGGAAAAATATGCATCACCTACA-3’
Forward 5’-CCTCCAACCAATCCATATAACACC-3’
Reverse 5’-GTCTCTGCCTCTGTCTGTCA-3’
Forward 5’-CTCAGTCAAGAACAAGAAGGGTG-3’
Reverse 5’-GCGATGTGAAGTTGGCACCATTATC-3’
Forward 5’-GGACTTGGCAAATGGACTGT-3’
Reverse 5’-CTCGCCTACTGTTTCCTCTC-3’

Forward 5’-GACACCAGAGAAAGGATGGCTC-3’
Reverse 5’-GCTGATTCCCAAGACATCCCAT-3’
Forward 5’-GGGTAGTAGAAGTTCTGGAGGAAG-3’
Reverse 5’-CTCTGTTTGTCCTTTCTTAACCCTG-3’
Forward 5’-GGAACAACACAATGCTTGCCAG-3’
Reverse 5’-CTTCACTTCTCGGATAGCCCCT-3’
Forward 5’-CCAGTCACCATTATGTCAGGGTTG-3’
Reverse 5’-CTGAACATAAACGGGAGGGGAAGA-3’
Forward 5’-GGATAGTGCAGCAACAGCAA-3’
Reverse 5’-TTCCATGCCAGCACCTCTCC-3’
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