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Abstract | Bayesian phylogeographic analysis has recently been at the forefront of understanding ep-
idemiological processes through the reconstruction of evolutionary history and spatial dissemination
of pathogens. Infection of a single host can be viewed similarly as an epidemic spread on a microscale,
creating a unique opportunity for the application of phylogeography at the intra-host level, which
has until recently been limited by dataset quality and the lack of a rigorous statistical framework.
As recently described in studies using the SIV-macaque model of neuroAIDS, the incorporation of|
spatial, temporal, and demographic inference into intra-host evolutionary analysis using Bayesian
phylogeography allows for inference of pathogen migration between infected tissues and cell types,
provides valuable insight into immunopathological processes, and ultimately paves the way for a bet-

ter understanding of the interplay between viral evolution and pathogenesis.
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Contribution of microbial pathogen evolutionary
processes both to epidemic spread within a sus-
ceptible host population and disease progression in
the individual host is irrefutable, albeit often elusive.
RNA viruses, such as hepatitis C virus (HCV), and
members of the Refroviridae family, such as human
and simian immunodeficiency viruses (HIV/SIV),
are characterized by error-prone genome replication
and elevated viral generation time resulting in a fast
molecular clock within chronically infected subjects
(Salemi, 2013; Gray et al., 2012a). Intra-host genetic
diversity can reach as high as 0.1-10% over the span
of just one year, while infection of and adaptation to
new cell types/tissues, as well as viral gene flow (mi-
gration) between different anatomic compartments,

often generates a complex metapopulation structure
(Korber et al., 1994; Coombs et al., 1998; Gray et al.,

2011; Gray et al., 2012b). Therefore, incorporation of
spatial and temporal information — i.e. tissue/cell of
origin and sampling time of viral sequences — into the
evolutionary analysis is crucial for understanding how
viral population dynamics are ultimately linked to dis-
ease. Knowledge of both the tempo and mode of viral
dissemination within the host can provide valuable
insight into the emergence of strains with increased
virulence, the range of cell/tissue tropism, or the abili-
ty to evade host and synthetic antiviral responses (Sa-
lemi, 2013), which can pose a serious threat to the
infected individual and the population at large, often
resulting in augmented morbidity and mortality.

The first phylogeographic demonstration in 1876
consisted of a phylogeny superimposed on a map
used to explain the distribution of lemurs across Asia
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(Haeckel, 1876). Since then, the processes governing
the geographical distribution of genealogical lineages
has been widely studied in the context of epidemic
spreads, aiding in the understanding of the spatial dy-
namics of viral migration and planning for the preven-
tion of major transmission events (Faria et al., 2011).
Similarly, given an alignment of viral sequences for a
gene of interest sampled longitudinally from different
tissues of an infected host, it is possible in principle to
infer in vivo migration and diffusion patterns (Figure
1). During systemic infection, pathogens utilize the
vascular system as means of transportation from one
tissue to the next, often within diverse host cell vec-
tors. Despite ecological difterences, from a population
genetic standpoint, the host anatomy resembles a de-
mographically diverse geographical region in which
viral transmission and spread occur.

Figure 1: Schematic representation of the intra-host phy-

logeography framework

(A) Longitudinally sampled viral sequences, amplified from various
infected tissues and/or cell populations — e.g. peripheral blood mon-
onuclear cells (PBMC) and brain — are used to infer a phylogenetic
tree with branch lengths scaled in time by enforcing a molecular clock.
Each sequence is assigned to a discrete category representing the tis-
sue ofarigin and location oftmca\‘tm/ sequences, which s z'nﬁ’rrea’ by
either a parsimony- or Bayesian-based algorithm. Viral migrations
between tissues and/or cell populations are assumed to occur during
the time interval defined by those branches, with parent (earlier se-
quence) and daughter (later sequence) nodes belonging to different
anatomical compartments; (B) Viral migration patterns mapped in
the host anatomy can provide insights on mechanisms of pathogen
dissemination and disease progression.

Recently, Strickland, Rife, and colleagues (2014) have
shown how the Bayesian phylogeography frame-
work (Lemey et al., 2009; Lemey et al., 2010), im-
plemented in the BEAST software package (http://
beast.bio.ed.ac.uk), can be adapted to investigate the
spatiotemporal dynamics of SIV brain infection in
an animal model of HIV-associated neurocognitive

disorders (HAND). The Markov Chain Monte Car-

lo algorithm in BEAST incorporates both temporal
(sampling time) and spatial (sampling location, e.g.
tissue/cell type of origin) information in the phy-
logenetic reconstruction. Phylogenies are scaled in
time by assuming either a strict or relaxed molecular
clock (Drummond et al., 2006) and provide posteri-
or probabilities for the location of the internal nodes
of the tree (ancestral strains) that allow tracking SIV
transmission/dissemination events between anatomic
compartments over time. Thus far, intra-host Bayesi-
an phylogeography studies have largely been limited
by data set quality, i.e. the lack of longitudinal data
and/or sequences derived from several tissue samples,
which would require multiple biopsies rarely available
from human subjects. Animal models, on the other
hand, represent a viable alternative. Rhesus macaques
inoculated with the SIVmac251 viral swarm devel-
op AIDS and often display, as in HIV seropositive
patients, neuropathology due to the accumulation of
productively infected perivascular macrophages and
microglia, which dysregulation leads to lesions in the
central nervous system (CNS) (Burdo et al., 2013).

In order to define the evolutionary steps preceding
and associated with the onset of neuroAIDS, it is
necessary to address two main questions: when viral
entry to the brain occurs and the tissue/cell type of
origin of the neurotropic virions. Strickland, Rife and
colleagues (2014) analyzed an extensive viral sequence
dataset obtained from infected macaques, longitudi-
nally sampled from early infection to terminal illness,
including plasma, sorted peripheral T cells and mono-
cytes, bone marrow and bronchoalveolar lavage fluid,
as well as several CNS tissues. Individual sequences
were assigned to discrete states corresponding to the
individual tissues/cell populations from which they
were sampled, and ancestral reconstruction of discrete
states at internal nodes was implemented in the Bayes-
ian statistical framework during the reconstruction of
the posterior distribution of trees inferred using the
non-parametric Bayesian Skyride demographic prior
(Minin et al., 2008) and a relaxed clock (Drummond
etal.,2006) model. Migration rates between these tis-
sue/cell populations were assumed to follow a standard
continuous-time Markov chain, in which transition
rates between locations are reversible, or symmetri-
cal, and the Bayesian stochastic search variable selec-
tion was applied to account for the large proportion
of unlikely migration events over all possible events,
thereby reducing variance estimates of ancestral states

(Lemey et al., 2009). For phylogeographic analysis
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pertaining to inter-host migration, the resulting tree
file, with spatiotemporal information as to individu-
al migration events, and a file specifying latitude and
longitude information for each of the discrete states
can be used in SPREAD (Bielejec et al., 2011) to cre-
ate the file needed to visualize the migration events
in real time using Google Earth, as in Lemey et al.
(2009). However, as a program has not been devel-
oped to visualize viral migration within the body of
rhesus macaques, an additional computational tool
was developed for the generation of a special history
log file, reporting within a specified period (migration
period) the inferred transition along the branches at
different time points, as drawn from their posterior
distribution. This information was then translated
into a matrix from which boxplots depicting median
migration times from individual tissues to the brain
could be generated in the R statistical package (http://
www.r-project.org; Strickland and Rife et al., 2014).

In all SIV-infected macaques, phylogeographic anal-
ysis clearly showed continual viral seeding of the
brain throughout infection — beginning as early as
a few days post infection — originating from sever-
al peripheral tissues. Most importantly, the last viral
migration event before terminal illness occurred from
cells within the bone marrow. The result is particularly
interesting in light of recent data demonstrating that
monocyte-derived perivascular macrophages in the
CNS are replenished from hematopoietic stem cells
originating in the bone marrow and that increased
monocyte turnover from bone marrow correlates
with severity of neuropathology (Burdo et al., 2010).
In other words, Bayesian phylogeography applied at
the micro-scale of intra-host viral evolution is now
emerging as an important tool in the realm of immu-
nopathology, paving the way for a novel approach po-
tentially able to link population genetics of the path-
ogen with disease processes in the host.

In conclusion, recent advancements in statistical
methods of phylogenetic inference have provided the
perfect opportunity for the merging of areas of epi-
demiology and molecular evolution. The result of this
melding, the basis of Bayesian phylogeography, is a
novel research framework that utilizes phylogenetic
information and knowledge of the interplay between
viral population dynamics and environmental/ecolog-
ical factors in order to elucidate the spatiotemporal
dynamics of viral evolution. These dynamics, as shown
conclusively in Strickland and Rife et al. (2014) can

also be explored at the level of the individual host,
with the objective of characterizing specific viral mi-
gration events critical to pathogenesis, as is the case of
progression to neuroAIDS in HIV-infected patients.
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