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Durable sequence stability and bone marrow tropism in
a macaque model of human pegivirus infection
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Human pegivirus (HPgV)—formerly known as GB virus C and hepatitis G virus—is a poorly characterized RNA virus
that infects about one-sixth of the global human population and is transmitted frequently in the blood supply. We
create an animal model of HPgV infection by infecting macaque monkeys with a new simian pegivirus (SPgV)
discovered in wild baboons. Using this model, we provide a high-resolution, longitudinal picture of SPgV viremia
where the dose, route, and timing of infection are known.We detail the highly variable acute phase of SPgV infection,
showing that the viral load trajectory early in infection is dependent on the infecting dose, whereas the chronic-phase
viremic set point is not.Wealso show that SPgVhas an extremely lowpropensity for accumulating sequence variation,
with no consensus-level variants detected during the acute phase of infection and an average of only 1.5 variants
generated per 100 infection-days. Finally, we show that SPgV RNA is highly concentrated in only two tissues: spleen
and bone marrow, with bone marrow likely producing most of the virus detected in plasma. Together, these results
reconcile several paradoxical observations from cross-sectional analyses of HPgV in humans and provide an animal
model for studying pegivirus biology.
INTRODUCTION

Few RNA viruses sustain high-titer viremia in humans. Those that do
have evolved extensive mechanisms to evade host immune responses
and induce pathological inflammation and disease over time. Human
pegivirus (HPgV)—formerly known asGB virusC (GBV-C) and also as
hepatitis G virus (HGV)—infects about one-sixth of the global human
population and is transmitted frequently in the blood supply of the
United States, yet little is known about the biology of this virus (1).
HPgV belongs to the newly formed Pegivirus genus within the Flavivir-
idae family of positive-sense, single-stranded RNA viruses (2). Persistent,
high-titer viremia is a hallmark of HPgV infection, but infection appears
to be benign: it is asymptomatic and causes no overt pathology (3, 4).

Several epidemiological studies suggest that HPgV co-infection may
be beneficial in the context of other viral infections that induce immune-
mediated pathology (5–7). In particular, HIV-infected individuals
co-infected with HPgV are protected fromHIV-associated immune ac-
tivation (8) and experience a 2.5-fold reduction in all-cause mortality
compared to those infected with HIV only [see (9) for a meta-analysis
and (1) for a review]. Although many plausible mechanisms as to how
HPgVmaymediate this protective effect have been proposed, compelling
in vivo data in support of a unifying mechanism are still lacking. Cross-
sectional studies suggest thatHPgV infection varies considerably between
individuals and that HPgV may replicate within tissues that are difficult
to access (for example, spleen and bone marrow). Furthermore, no
animal model of HPgV infection currently exists. A macaque monkey
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(Macaca spp.) model of HPgV infection has long been sought, in part
because the infection of macaques with simian immunodeficiency virus
(SIV) is the most well-studied and established animal model of HIV in-
fection (10). However, despite two reports documenting the infection of
macaques with HPgV in the early 2000s (11, 12), several recent efforts to
infect macaques withHPgV have been unsuccessful (J. Stapleton, personal
communication).HPgVcanpersistently infect chimpanzees (Pan troglody-
tes) (13), but the use of chimpanzees in biomedical research has recently
been reevaluated and is no longer ethically justifiable (14).

We recently described the first pegiviruses infectingOldWorld (that
is, cercopithecoid)monkeys (15). These simian pegiviruses (SPgVs)were
identified in red colobus monkeys (Procolobus tephrosceles; SPgVkrc),
red-tailed guenons (Cercopithecus ascanius; SPgVkrtg), and an olive ba-
boon (Papio anubis; SPgVkob) living in Kibale National Park, Uganda,
and formed a distinct clade with respect to the Great Ape and New
World monkey SPgVs. Here, we extend the geographic and host range
of the Old World monkey SPgVs with the discovery of a new SPgV in
samples collected fromyellowbaboons (Papio cynocephalus; SPgVmyb)
in Mikumi National Park, Tanzania, and use baboon SPgVs to create a
macaque model of HPgV infection.
RESULTS

Baboons naturally harbor distinct pegiviruses
As part of our ongoing effort to discover new viruses in wild nonhuman
primates, we applied unbiased deep sequencing to plasma samples
collected from 43 wild yellow baboons living inMikumi National Park,
Tanzania, during 1985 and 1986. In 17 of these animals (40%), we de-
tected a new SPgV (SPgVmyb) and were able to assemble 14 coding-
complete SPgVmyb genomes (Fig. 1A and table S1). In a phylogenetic
analysis, these viruses grouped with other Old World monkey SPgVs
nslationalMedicine.org 16 September 2015 Vol 7 Issue 305 305ra144 1
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and were most closely related to SPgVkob (Fig. 1B). However, plasma
viral loads obtained by quantitative reverse transcription polymerase
chain reaction (RT-qPCR) for SPgVmyb-infected yellow baboons
(average, 2.7 × 105 ± 7.3 × 104, SEM) were significantly less than the
plasma viral load observed for the single SPgVkob-infected olive ba-
boon identified previously (2.4 × 107) (Fig. 2, A and B) (15).
www.ScienceTra
Baboon SPgVs infect macaques
Among the monkey species in which we have discovered SPgVs, ba-
boons are most closely related to macaques (Fig. 1C). Therefore, in
an attempt to create an in vivo laboratory model of HPgV infection,
we inoculated a Mauritian-origin cynomolgus macaque (cy0571) intra-
venously with 0.5ml of plasma pooled from twoMikumi yellow baboons
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Fig. 1. Phylogenetic relationships between pegiviruses
and their primate hosts. (A) Sampling locations of olive
and yellow baboons that naturally harbor SPgVs used in this
study. The prevalence of SPgVkob in the Kibale olive baboon
and SPgVmyb in the Mikumi yellow baboon is also shown.
(B) Phylogenetic tree of knownpegiviruses including those that
infect humans (HPgV), simians (SPgV), bats (BPgV), rodents
(RPgV), and horses (EqPgV). Specific isolates used to infect ma-
caques (Fig. 2) are shown in color (SPgVmyb, yellow; SPgVkob,
green). Black circles denote branches supported by a bootstrap
value of 100; bootstrap values <70 are not shown. (C) Phyloge-
netic tree of primates known to harbor PgVs, highlighting the
evolutionary relationships of these primates to macaques
[adapted from (51)].
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Fig. 2. Infection ofmacaques with baboon SPgVs. (A) Plasma SPgVmyb vi-
ral loads in theMikumi yellow baboons (yellow) and the longitudinal viral loads

or36dpi (C,pink, female).Yaxis, log10SPgVgcpermilliliterofplasma;xaxis, days
post-infection unless otherwise stated. Specific colors and symbols refer to the
from cy0571 infected with SPgVmyb. (B to E) Plasma SPgVkob viral load in the
single Kibale olive baboon (green) and the longitudinal viral loads of macaques
infected with SPgVkob from olive baboon plasma (green), cy0500 plasma
collected at 8 dpi (D, black), or cy0575 plasma collected at 25 dpi (E, blue, male)
www.ScienceTra
same animal throughout themanuscript. Animal IDs surrounded by a box indi-
cate SIVmac239 infectionbeforeSPgV inoculation,withdashedboxes signifying
SIVmac239Dnef infection/vaccination. Additional information about each
animal can be found in table S2. S, whole genome sequencing; X, splenectomy.
nslationalMedicine.org 16 September 2015 Vol 7 Issue 305 305ra144 3
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(baboons M23 andM77) containing a total of 2.0 × 105 genome copies
(gc) of SPgVmyb (Fig. 2A). A secondmacaque (cy0572) was inoculated
intravenously with 0.5 ml of Kibale olive baboon plasma (baboon K23)
containing 1.2 × 107 gc of SPgVkob (Fig. 2B). Before inoculation of these
macaques, baboon plasma samples were screened for additional mi-
crobes (for example, simian arteriviruses) using a combination of un-
biased deep sequencing, RT-PCR, RT-qPCR, and culture-based
techniques (16–18). Blood was drawn from each macaque and assayed
biweekly for the presence of SPgV using RT-qPCR assays specific for
each virus.

SPgVmybwas first detected in the plasma of cy0571 at 1.1 × 104 gc/ml
10 days post-inoculation (dpi) and slowly increased to a peak of 4.8 ×
105 gc/ml at 56 dpi before gradually declining to a “set point” of 3.0 ×
104 gc/ml, which was maintained until the animal was euthanized at
219 dpi (Fig. 2A). (Set point was defined throughout this study as the
average of at least three viral loadmeasurements, taken over a period of
at least 25 days, that did not differ by more than 1 log10.) In contrast,
SPgVkobwas first detected in the plasma of cy0572 at 4.1 × 106 gc/ml 7 dpi
and rapidly increased to a peak of 3.1 × 107 gc/ml by 10 dpi (Fig. 2B). By
21 dpi, viremia had reached a relative nadir of 2.7 × 106 gc/ml but then
gradually increased to a set point of 4.5 × 106 gc/ml, which was main-
tained for 31 days before rapidly declining to undetectable by 98 dpi.

Infecting dose dictates acute-phase SPgV viral load
trajectory but not chronic-phase viremic set point
To examine viremia in a larger number of individuals, two additional
cynomolgus macaques (cy0575 and cy0500) were infected with olive
baboon plasma containing SPgVkob as done previously (Fig. 2B),
and plasma from these animals was passaged into 11 additional cyno-
molgus macaques (Fig. 2, C to E). These macaques were repurposed
from several other infection studies, and several were SIV-positive.
However, heterogeneity in the infecting strain of SIV, the duration of
SIV infection, and host genetic factors precluded us from examining
the effect of SPgV co-infection on SIV pathogenesis (table S2 and fig.
S1). We found that the acute phase of SPgV viremia was highly
dependent on the infecting dose, with high-dose infections (1.2 × 107

gc to 2.3 × 107 gc) reproducibly achieving a high-titer peak of viremia
within the first 8 to 12 dpi, whereas low-dose infections (6.4 × 103 gc to
6.0 × 104 gc) had a highly variable acute-phase viral load trajectory, with
several animals not reaching their lifetime maximum of viremia until
after 100 dpi (Fig. 3, A to C). Longitudinal viral load analysis in
SPgVkob-infected macaques revealed that the inoculating dose did
not affect the chronic-phase viremic set point (Fig. 3D). Durable SPgV
infection could not be established in one macaque (cy0649) despite re-
inoculation with 1.1 × 107 gc of SPgVkob from animal cy0575 at 43 dpi.
Additionally, SPgV in plasma declined to undetectable levels after about
100 days of detectable viremia in four macaques, including the original
two animals inoculated with olive baboon plasma, highlighting individ-
ual differences in the course of SPgV infection (Fig. 2).

Baboon SPgVs elicit little to no disease in macaques
At no point after SPgV infection did macaques develop overt signs of
disease, nor were gross hematologic or postmortem abnormalities ob-
served in SIV-negative macaques infected with SPgV (fig. S2A). In 9 of
12 animals chronically infected with SIV and SPgV, liver sections re-
vealed minimal to mild periportal and random lymphocytic hepatitis
(fig. S2, B and C). The severity of hepatitis in these animals was not
greater than typically noted in SIV-infected cynomolgus macaques.
www.ScienceTra
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Fig. 3. Inoculating dose affects acute-phase, but not chronic-phase,
SPgV viremia. (A) First 40 days of infection for all animals in this study.

Graph highlights the predictable course of SPgVkob viremia in maca-
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bars represent SEM.
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SPgVs exhibit a high degree of sequence stability
We performed deep sequencing of SPgVkob from several infected ma-
caques at multiple time points (Fig. 2 and tables S3 to S5). Nucleotide
variants that rose to greater than 50% of the within-host viral popula-
tion were rare, with each intrahost viral population accumulating an
average of 1.5 consensus-level variants per 100 days of infection, al-
though no consensus-level variants were detected in some individuals
despite persistent viremia (Fig. 4, A to C). Of the 11 nonsynonymous

variants that were detected across all
animals, 7were due to one of two identical
changes observed in the putativeNS2 pro-
tein (Fig. 4, A, B, andD). One of these var-
iants (T746M) was present at 0.72% in the
inoculum administered to cy0565, cy0567,
and cy0568 butwas not detectable in the in-
oculum administered to cy0651 or cy0562,
yet rose to near fixation in these five animals
(Fig. 4D). A different amino acid substitu-
tion (A→V) was found at the same codon
position in SPgVmyb at 219 dpi of cy0571
(table S5).

Sequencing analysis of SPgVmyb in
wild yellow baboons revealed a degree of
sequence stability similar to what we ob-
served for SPgV in macaques, with dN/dS
greater than 2.0 at only four sites through-
out the genome (fig. S3). Subconsensus-
level variation in SPgV-infected macaques
was also low, with longitudinal intrahost
analyses revealing a viral population that
remained highly homogeneous during the
acute-phase burst of viral replication and
remained stable with low diversity through-
out the chronic phase of infection (Fig. 5).

SPgV is primarily bone
marrow–tropic
Studies investigating the tissue tropism of
HPgV have been limited (19–21). There-
fore, we sought to comprehensively and
quantitatively define the tissue distribu-
tion of SPgV at each stage of infection.
We collected a large panel of tissues from
four macaques (cy0500, cy0493, cy0388,
and cy0571) at 8, 13, 21, and 219 dpi, re-
spectively. RNA was extracted from each
tissue sample, quantified by RT-qPCR,
and normalized to obtain a tissue-specific
viral load per milligram of tissue. To iden-
tify tissues containing SPgV RNA at con-
centrations greater than plasma, tissue
viral loads were normalized to the plasma
viral load (in microliters) of the respective
individual at the time of tissue collection.
This approach revealed that SPgV RNA is
highly concentrated in only two tissues:
the spleen and bone marrow (Fig. 6A).
To investigate the relative contribution
www.ScienceTra
of each of these tissue compartments to systemic SPgV viral load (that
is, virus production), we surgically removed the spleen from sixmacaques
via laparotomy (that is, splenectomy) and closely monitored plasma viral
loads for an extendedperiod of time after splenectomy (Fig. 6B).With the
exception of one macaque (cy0572), splenectomy did not have a signifi-
cant effect on plasma viral load (Fig. 6, B and C).

To assess the concentration of SPgV RNA on a per-cell basis, we
performed SPgV-specific RT-qPCR on leukocytes purified from spleen
Animal ID dpi Position Reference Variant Putative protein AA change
cy0500 8 — — — — —
cy0575 35 — — — — —
cy0568 62 2664 C T NS2 T746M

1477 C T E2 Synonymous
1975 A G E2 Synonymous

cy0386 112 — — — — —
2664 C T NS2 T746M
8851 G A NS5B Synonymous

cy0565 153 2664 C T NS2 T746M
cy0648 163 2411 G A NS2 V662I

471 — A Partial core protein A15fs
479 T — E1 S18fs
1057 G A E2 Synonymous
2411 G A NS2 V662I
2664 C T NS2 T746M
7015 G T NS5A Synonymous
2056 G A E2 Synonymous
2406 C T NS2 A660V
2664 C T NS2 T746M
6812 T C NS5A W2129R
7051 G A NS5A Synonymous
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cy0572 81

cy0652

cy0651

cy0567

227

163

148

A

Synonymous Nonsynonymous Total
Total variants 7 11 18

Total unique sites of variation 7 6 12
Average variants per animal 0.78 1.22 2.00

Average variants per 100 infection days 0.61 0.95 1.56

B

C

0 50 100 150 200
0

2

4

6 Synonymous
Nonsynonymous
Total 

P = 0.0223

P = 0.1514

P = 0.0296

0 50 100 150 200
0

20

40

60

80

100

cy0651
cy0652
cy0567
cy0568
cy0565N

um
be

r 
of

 v
ar

ia
nt

s

Days post-inoculation

D

P
er

ce
nt

 o
f T

74
6M

 
w

ith
in

 v
ira

l p
op

ul
at

io
n

Days post-inoculation

Fig. 4. SPgV shows little nucleotide variation over the course of infection. Deep sequencing reads
from the latest available time point from each SPgVkob-infected animal weremapped to the SPgVkob_K23

reference genome (see tables S3 to S5 for sequencing statistics anddetails). (A toC) Consensus-level variants
are shown for (A) each animal, (B) in summary, and (C) graphically. Univariate linear regression analysis with
trend lines for synonymous (blue), nonsynonymous (red), and total variants (black). (D) Intrahost frequency
of the most common mutation (T746M) over time in five macaques.
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and coverage details). A schematic of the SPgVkob genome with puta-
tive protein products is shown at the top. Blue bars represent synony-
fection of cy0572 were mapped to the SPgVkob_K23 reference genome,
and variants >1% were identified (see table S4 for sequencing statistics
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mous variants present in the viral population, and red bars represent
nonsynonymous variants.
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and bonemarrow. This approach also allowed us tomeasure SPgV viral
loads in peripheral blood mononuclear cells (PBMCs), a lymphoid
compartment in which HPgV RNA has been detected (22–24). No sig-
nificant differences in the quantity of cell-associated SPgV RNA were
observed between spleen, bonemarrow, and PBMCs (Fig. 6D). Howev-
er, stratification of these data by the phase of infection during which
tissues were harvested suggests that RNA may be most concentrated
in PBMCs during the acute phase and most concentrated in bone mar-
row during the chronic phase (fig. S4).
DISCUSSION

HPgV infection is highly prevalent among
humans, yet fundamental aspects of HPgV
biology remain poorly understood. Our
discovery of prevalent SPgV infection in
yellow baboons from Tanzania extends
the known host range and geographic
range of these viruses and suggests that
species-specific variants of SPgV maybe
be widespread among primates. Infection
of macaques—a “non-natural” host for
these baboon SPgVs—did not elicit any
overt signs of disease including histologic
evidence of hepatitis during acute infec-
tion. In a fraction of animals evaluated
in the chronic phase of SPgV infection,
we observed histologic changes indicative
of minimal to mild hepatitis. Although it
seems likely that concurrent SIV infection
contributed to the development of hepati-
tis in these animals, the severity of hepati-
tis we observed was still significantly less
than reported previously in macaques in-
oculated with HPgV (11). The apparent
nonpathogenicity of SPgVs from African
Old World monkeys in macaques con-
trasts starkly with other blood-borne
RNA viruses naturally found in African
Old World monkeys, namely, the SIVs
and simian arteriviruses (also known as
simian hemorrhagic fever viruses), which
respectively cause AIDS-like disease and
viral hemorrhagic fever in macaques
(10, 25). This raises the intriguing possibil-
ity that PgV infection in primates may be
universally nonpathogenic, although
detailed long-term studies are needed to
further examine PgV pathogenesis (or
lack thereof).

This study provided the opportunity to
examine the replication kinetics of SPgV
during the acute phase of infection. We
found that the acute phase of SPgV vire-
mia was highly dependent on the infecting
dose, with high-dose infections (1.2 × 107 gc
to 2.3 × 107 gc) reproducibly achieving a
www.ScienceTra
high-titer peak of viremia within the first 8 to 12 dpi, whereas low-dose
infections (6.4 × 103 gc to 6.0 × 104 gc) had a highly variable acute-phase
viral load trajectory, with several animals not reaching their lifelong
maximum of viremia until after 100 dpi. The high-titer viremia we ob-
servedwithin 2weeks of SPgVkob inoculation inmacaques is consistent
with the kinetics of viremia seen in patients infected with HPgV via
blood transfusion (26) but contrasts with experimental high-dose inoc-
ulation of HPgV in chimpanzees in which viremia was not detectable
until 10weeks after inoculation (13), possibly suggesting that the species
barriers to PgV replication may be lower in baboons andmacaques than
in humans and chimpanzees. Additionally, the relationship between
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infecting dose and viral load trajectory is in contrast to HIV and SIV,
which reproducibly replicate to a high-titer peak during the first few
weeks of infection independent of infecting dose (27, 28). The apparent
connection between dose and viral load trajectory could explain the
wide range of HPgV viral loads observed cross-sectionally in HPgV-
infected humans (29, 30), because people exposed via sexual contact
may be infected by a relatively low dose, whereas those exposed via
the administration of HPgV-positive blood products may be infected
with a much greater dose (31–36). The eventual clearance of SPgV vi-
remia by a minority of macaques inoculated with both high and low
doses further underscores the heterogeneity of SPgV infection and is
consistent with HPgV infection, as some humans eventually clear vire-
mia, whereas others remain viremic indefinitely (37). The interplay be-
tween infecting dose, viral load trajectory, persistence, host genetics, and
HPgV-mediated protection from HIV pathogenesis warrants further
investigation.

Here, we examined SPgV sequence evolution in unprecedented de-
tail.We observed remarkably little sequence evolution over hundreds of
infection-days, with the virus maintaining strikingly low levels of intra-
host nucleotide diversity and acquiring few to no consensus-level muta-
tions despite high viremia. This is in contrast to other RNA viruses that
cause persistent high-titer viremia (for example, HIV/SIV, hepatitis C
virus, and simian arteriviruses), which exist as a genetically diverse
swarm within infected hosts and accumulate variants in vivo at a rate
that is orders of magnitude greater than what we observed for SPgV.
Cellular and humoral immune responses are potent drivers of variant
selection for these viruses, suggesting that SPgVsuse a novelmechanism
of persistence in which escape from host adaptive immune responses is
largely unnecessary (38).

Of the six unique sites at which we observed nonsynonymous var-
iation in SPgVkob, two sites had nonsynonymous changes in multiple
macaques, and both of these sites were located within the putative NS2
protein. Remarkably, a nonsynonymous change was also observed in
SPgVmyb in cy0571 at one of these sites. Although the role of NS2 in
the pegivirus life cycle is still unclear, the rapid fixation of this NS2 var-
iant in multiple animals infected with different viruses is indicative of a
strong selective pressure at this particular site. Variation at this site is not
observed among SPgV sequences fromwild yellow baboons, red colobus
monkeys, or red-tailed guenons, suggesting that this may be a macaque-
specific adaptive change. However, fixation of this variant did not notice-
ably affect viral load or correlate with persistence/clearance.

Investigation of the tissue tropism of HPgV in vivo has been limited
to tissues collected from a small number of HPgV-positive cadavers,
evaluated for HPgV replication by negative strand–specific RT-PCR.
This technique is highly influenced by the concentration of both viral
positive-sense RNA and total RNA, which can result in self-priming
(and/or false-priming) and a subsequent high rate of false-positive
signals (39–41). Despite these limitations, two studies consistently de-
tected HPgV negative-strand RNA in only two tissues: bone marrow
and spleen, suggesting that these tissues are major sites of HPgV repli-
cation (19–21). Our study of SPgV tropism in macaques examined far
more tissues using a concentration-based approach but ultimately gave
a similar result, showing that SPgV RNA is concentrated in only the
spleen and bone marrow of infected macaques. However, our data go
further to suggest that viral replication in the spleen contributes mini-
mally to viremia, because we observed no change in plasma viral titers
after surgical removal of the spleen from several macaques. This sug-
gests that bone marrow may be the primary site of SPgV replication.
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However, considering that we observed robust acute-phase SPgV repli-
cation in a macaque with very little active bone marrow (cy0493), it
seems likely that SPgV production can occur in other tissues. One pos-
sible explanation for this observation may be that SPgV tropism shifts
throughout infection, with the PBMCs and spleen supporting most of
the viral replication early during infection and the bone marrow
sustaining chronic, persistent infection.

The robust replication of baboon SPgVs in macaques appears to re-
capitulate key features of HPgV infection and is an advance for HPgV
research. However, this study has several limitations. Most notably, the
macaques infected with SPgV in this study were heterogeneous in sev-
eral important respects including SIV status, SIV disease progression,
age, sex, infecting SPgV strain, and infecting SPgV dose. Future studies
that control for these factors are necessary to more clearly define the
impact of these variables on SPgV infection. Controlling for variability
in SIV pathogenesis will be particularly challenging but will be essential
for the study of SPgV/SIV co-infection as a model of HPgV-mediated
protection from HIV pathogenesis. Additional studies are also needed
to determine whether our observations regarding SPgV tissue tropism
and the effect of SPgV infecting dose on acute-phase viremia faithfully
recapitulate HPgV infection in humans.

The cross-species transmission of an RNA virus that replicates to
high titers and persists without accumulating genetic variation or
causing disease violates conventional wisdom and could have far-
reaching implications for understanding the interplay between viral
persistence, inflammation, immune tolerance, and disease. Future studies
should focus on identifying the cell types permissive for PgV replication
and the mechanisms by which PgVs maintain persistence. Studies of
macaques co-infected with SPgV and pathogenic SIV should also be
prioritized, because this could shed light on the significant but poorly
understood phenomenon of HPgV-mediated protection from immune
activation and AIDS.
MATERIALS AND METHODS

Study design
This was a proof-of-concept study designed to establish a macaque
model of HPgV infection. All protocols were approved by the Univer-
sity of Wisconsin–Madison Institutional Animal Care and Use Com-
mittee conforming to National Institutes of Health (NIH) animal care
guidelines. A total of 14macaques were infected with SPgVkob from an
olive baboon (1.2 × 107 gc to 2.3 × 107 gc, n = 4; 6.0 × 104 gc, n = 5; 6.4 ×
103 gc, n = 5) and used to study viral transmission, tissue tropism, per-
sistence, and intrahost evolution. One macaque was infected with 2.0 ×
105 gc of SPgVmyb from two yellow baboons.

Collection of samples from wild baboons
Blood samples from Kibale olive baboons (P. anubis) were collected in
2010 to 2014 as described previously (15, 42), and approved by the
Uganda Wildlife Authority (permit UWA/TDO/33/02), the Uganda
National Council for Science and Technology (permit HS 364), and
theUniversity ofWisconsinAnimalCare andUseCommittee (protocol
V01409-0-02-09). Samples were imported under CITES permit #002290
(Uganda). Samples from Mikumi yellow baboons (P. cynocephalus)
were collected by Rogers and colleagues in 1985 and 1986 using stan-
dardmethods for field studies of baboons as described previously (43). All
procedures were approved by the appropriate Tanzanian government
nslationalMedicine.org 16 September 2015 Vol 7 Issue 305 305ra144 8
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authorities and by the U.S. institutions involved (Washington University
andYaleUniversity). Briefly,most study subjects were humanely trapped
and sedated with ketamine. Blood samples were drawn from the femoral
vein into evacuated blood collection tubes coated with EDTA anticoag-
ulant. Animals were released as soon as possible after recovery from se-
dation. A small proportion of study subjects were sedated using a
blowgun. These animals had blood collected in the same manner and
were returned to their social group immediately after processing.

Care and use of macaques at the Wisconsin National Primate
Research Center
All macaque monkeys used in this study were cared for by the staff at
theWisconsinNational Primate Research Center (WNPRC) in accord-
ancewith the regulations and guidelines outlined in theAnimalWelfare
Act and the Guide for the Care and Use of Laboratory Animals. Details
of this study (University of Wisconsin–Madison Animal Care and Use
Protocol No. G00707) were approved by the University of Wisconsin
Institutional Animal Care and Use Committee, in accordance with re-
commendations of the Weatherall report. Animals used in this study
were repurposed from several different studies, the details of which
can be found in table S1.

Inoculations. Plasma samples were thawed at room temperature,
and the appropriate volume (200 to 500 ml) was loaded into a 1-ml sy-
ringe and kept on ice until administration. Animals were sedated, and
inocula were administered via an intravenous catheter followed by a
sterile saline flush. At the conclusion of the procedure, anesthesia was
reversed and animals were closely monitored by veterinary staff for ad-
verse reactions and signs of disease.

Deep sequencing. Samples were processed for sequencing in a
biosafety level 3 laboratory as described previously (15, 42) with slight
modifications. Briefly, for each animal, viral RNA was isolated from
about200ml ofplasmausing theQIAampMinElutevirus spinkit (Qiagen),
omitting carrier RNA. Samples were then treatedwith deoxyribonuclease
(DNase), and complementary DNA (cDNA) synthesis was primed using
random hexamers (Double-Stranded cDNA Synthesis Kit, Invitrogen).
Samples were fragmented and sequencing adaptors were added using
the Nextera DNA Sample Preparation Kit (Illumina). Deep sequencing
was performed on the Illumina MiSeq. Sequence data were analyzed
using CLC Genomics Workbench 6.5 (CLC bio) and Geneious R5 (Bio-
matters). Low quality (<Q30, Phred quality score) and short reads [<100
base pairs (bp)] were removed, and coding-complete (44) genome se-
quences for each virus were acquired using the de novo assembly
algorithm inCLCGenomicsWorkbench version 6.5.Viral genomeswere
annotated in CLC Genomics Workbench version 6.5, and putative open
reading frames were confirmed by querying the National Center for Bio-
technology Information (NCBI) GenBank database (45).

Phylogenetic analysis. Complete coding sequences representing
the known diversity of pegiviruses were aligned using a codon-based
version of open source software multiple alignment using fast Fourier
transform (MAFFT) (46) and cleaned using Gblocks, implemented in
TranslatorX (47). Phylogenetic history was inferred from aligned nucle-
otide sequences using themaximum likelihoodmethod (1000 bootstrap
replicates) via Molecular Evolutionary Genetics Analysis version 6
(MEGA6) open source software (48). The best nucleotide substitution
model, general time reversible model coupled with a G distribution for
rate variation (GTR+G), was estimated using MEGA6. All positions
containing gaps and missing data were eliminated, resulting in a final
data set of 8118 positions. The initial tree for the heuristic search was
www.ScienceTra
obtained by applying the neighbor-joiningmethod to amatrix of pair-
wise distances, estimated using the maximum composite likelihood
approach.

Evolutionary analysis. Complete coding sequences for all 14
SPgVmyb genomeswere aligned inCLCGenomicsWorkbench version
6.5. dN and dS were calculated using the HIV Synonymous Non-
synonymous Analysis Program (SNAP) version 2.1.1 (49, 50) found at
www.hiv.lanl.gov.

Quantitative reverse transcription PCR
A TaqMan RT-qPCR assay was developed to quantify viral RNA for
both SPgVkob (forward primer: 5′-CGGTGTTCATGGCAGGTAT-
3′; reverse primer: 5′-CAGTTACAGCCGCGTGTTT-3′; probe: 5′-
6FAM-ATGCACCCTGATGTAAGCTGGGCAA-BHQ1-3′) and
SPgVmyb (forward primer: 5′-GGTTGGAGCCAGACTTAGCA-3′;
reverse primer: 5′-CTAACACTTCCCGGCACATT-3′; probe: 5′-
6FAM-CGGCTGTAACTGGCCTTTAC-BHQ1-3′). A standard curve
was created by cloning a 381-bp fragment of the SPgVkob_K23 genome
(forwardprimer: 5′-CCCCTCTGGTGTGGTTAGA-3′; reverse primer:
5′-CACTGATCGCCTCAGGTACA-3′) into the zero blunt PCRvector
(Invitrogen), followed by linearization (Hind III, New England Biolabs)
in vitro transcription for 6 hours (MEGAscript T7 Transcription Kit,
Invitrogen), cleanup (MEGAclear Transcription Cleanup Kit, Invitro-
gen), quantification (Qubit RNAHigh-Sensitivity Assay Kit, Invitrogen),
and dilution to a concentration of 1 × 1010 transcript copies per micro-
liter. Tenfold dilutions of this transcript were used as a standard curve for
both SPgVkob and SPgVmyb. RNA was reverse-transcribed and ampli-
fied using the SuperScript III One-Step qRT-PCR system (Invitrogen) on
a LightCycler 480 (Roche). Reverse transcription was carried out at 37°C
for 15min and then 50°C for 30min followed by 2min at 95°C, and then
50 cycles of amplification as follows: 95°C for 15 s and60°C for 1min.The
reactionmixture containedMgSO4at a final concentrationof 3.0mM,with
the two amplification primers at a concentration of 500 nM and probe
at a concentration of 100 nM. The standard curve was linear over (at
least) eight orders of magnitude and was sensitive down to 10 copies of
RNA transcript per reaction.

Purification of RNA from plasma. Animals were sedated and
blood was drawn from the femoral vein into an EDTA-treated vacutai-
ner tube and centrifuged at 1400g for 7 min. Plasma was collected and
centrifuged for an additional 5 min at 670g to remove residual cells.
RNAwas extracted from 300 ml of plasma using the Viral Total Nucleic
Acid Purification Kit (Promega) on a Maxwell 16 MDx instrument.

Purification of RNA from cells. Macaques were appropriately se-
dated, and tissues were excised, chopped into ~1-cm cubes, and placed
in 30ml of ice-cold RPMI + 10% fetal calf serum (FCS) (Thermo Fisher
Scientific). To achieve single-cell suspensions, tissues were manually
disrupted with a scalpel and the butt of a sterile 60-ml syringe and then
passed through a 100-mm cell strainer. Blood was overlayed on Ficoll at
a 1:1 ratio and centrifuged at 1860g for 30 min to obtain PBMCs. Cells
from each sample were washed with 40ml of RPMI + 10% FCS, treated
withACK lysis buffer to remove red blood cells, andwashed twicemore
with 40 ml of RPMI + 10% FCS. Centrifugations were performed at
670g for 5min at 4°C, and samples were kept on ice throughout proces-
sing. Cells from each tissue were then counted (Z2 particle counter,
BeckmanCoulter). For each sample, 3.0 × 106 cells were disrupted using
a QIAshredder column (Qiagen) and RNA was isolated using the Cells
LEV Total RNA Purification Kit (Promega) on a Maxwell 16 MDx in-
strument. All extractions were performed in duplicate.
nslationalMedicine.org 16 September 2015 Vol 7 Issue 305 305ra144 9
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Purification of RNA from tissues. Immediately before euthana-
sia, macaques were sedated with ketamine and sodium pentobarbital
was administered. Transcardiac perfusionof the entire bodywith 5 liters
of sterile saline was performed to remove blood from the cardiovascular
tree and vessels within tissues. Tissues were collected for routine histo-
logic analysis, and three sections of each tissue (about 3 cm×1 cm×0.4 cm)
were excised using autoclave-sterilized instruments and placed imme-
diately into 12ml of RNAlater (Sigma-Aldrich). Tissues were allowed to
fix in RNAlater at 4°C overnight and then were removed, blotted, cut in
sections weighing 20 to 50 mg, and stored in individual tubes at −80°C.
Tissues were homogenized using the TissueLyser II (Qiagen) according
to the manufacturer’s instructions, and RNA was extracted from each
tissue using the Tissue LEV Total RNA Purification Kit (Promega) on a
Maxwell 16 MDx instrument.

Splenectomy. Animals were sedated and intubated. The spleen
was surgically removed, and splenic vessels were ligated to prevent
blood loss. At the conclusion of the procedure, animals were extubated
and closelymonitored by veterinary staff for adverse reactions and signs
of disease.

Statistical analysis
Phylogenetic analyses were performed using a maximum likelihood
method (1000 bootstrap replicates) via MEGA6 open source software.
Statistical analyses were performed using GraphPad Prism 5.0 software.
Peak viremia and time-to-peak viremia in high-dose versus low-dose
groups were compared using a two-tailed unpaired t test (a = 0.05).
Comparison of set-point viremia (as defined by the average of at least
three viral loadmeasurements takenover a period of at least 25 days that
did not differ bymore than 1 log10) among groups was performed using
a one-way ANOVA (a = 0.05). Synonymous and nonsynonymousmu-
tation rates were analyzed using univariate linear regression. Viral loads
from each tissue were compared using one-way ANOVA (a = 0.05).
Plasma viral loads before and after splenectomy were compared using
a two-tailed paired t test (a = 0.05). Viral loads from different cellular
compartments were compared using one-way ANOVA.
SUPPLEMENTARY MATERIALS
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Fig. S1. Parameters of SIV-induced disease in study animals.
Fig. S2. Lack of SPgV-induced disease in study animals.
Fig. S3. SPgVs exhibit little sequence variability in natural hosts.
Fig. S4. The tissue tropism of SPgV may vary depending on the duration of infection.
Table S1. Sequencing of SPgVs from wild baboons.
Table S2. Demographic information for macaques used in this study.
Table S3. Sequencing of SPgVmyb in cy0571.
Table S4. Sequencing of macaques infected with SPgVkob.
Table S5. SPgVmyb consensus-level variants in cy0571 at 219 dpi not found in inocula.
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