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In vivo virologic compartments are cell types or tissues between which there is a restriction of virus flow,
while virologic reservoirs are cell types or tissues in which there is a relative restriction of replication. The
distinction between reservoirs and compartments is important because therapies that would be effective
against a reservoir may not be effective against viruses produced by a given compartment, and vice versa. For
example, the use of cytokines to “flush out” long-lived infected cells in patients on highly active antiretroviral
therapy (T. W. Chun, D. Engel, M. M. Berrey, T. Shea, L. Corey, and A. S. Fauci, Proc. Natl. Acad. Sci. USA
95:8869-8873, 1998) may be successful for a latent reservoir but may not impact a compartment in which virus
continues to replicate because of poor drug penetration. Here, we suggest phylogenetic criteria to illustrate,
define, and differentiate between reservoirs and compartments. We then apply these criteria to the analysis of
simulated and actual human immunodeficiency virus type 1 sequence data sets. We report that existing
statistical methods work quite well at detecting viral compartments, and we learn from simulations that viral
divergence from a calculated most recent common ancestor is a strong predictor of viral reservoirs.

Human immunodeficiency virus type 1 (HIV-1) persists in
cells and tissues long after highly active antiretroviral therapy
(HAART) has suppressed plasma HIV-1 RNA levels below
the limit of detection. Even in patients who have been on
suppressive therapy for several years, virus has been observed
to rebound to pretherapy levels during therapy interruptions.
Rebounding virus may be derived from latent reservoirs (or-
gans or tissues that harbor potentially infectious virus in a
near-dormant state for long periods) and/or organs or tissues
in which there is ongoing viral replication (i.e., anatomical sites
with low drug penetration). Sites of low drug penetration are
generally thought to be restricted to specific cell types, organs,
and/or tissues. Such tissues may also act as virologic compart-
ments in which there is limited exchange of virus with other
organs and tissues. Identifying viral compartments of low drug
penetration and determining whether a given tissue or cell type
is acting as a virus reservoir are important steps in developing
targeted treatment strategies to enhance antiretroviral efficacy.

A number of examples of HIV-1 compartmentalization have
been presented (e.g., references 9, 10, 19-21, and 28). In some
reports, compartmentalization was detected upon visual in-
spection of a phylogenetic tree because compartment-specific
sequences were grouped into separate clades on the tree (10,
21). However, when sequences from different compartments
do not obviously group into separate clades, statistical support
for viral compartmentalization can be obtained from quanti-
tative cladistic (24, 28, 36, 37, 39) and maximum-likelihood (1)
methods.

It is possible for a tissue compartment to maintain a certain
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level of latency and thus be classified as both a reservoir and a
compartment. Peripheral blood mononuclear cells (PBMC)
have been noted to harbor a small latent reservoir of infectious
virus under HAART (3, 40). This reservoir has been quantified
by induction of replication-competent virus from blood cells
removed for study during effective therapy (13). However,
PBMC may not contribute the majority of the rebounding
HIV-1 upon discontinuation of HAART (5); hence, other viral
reservoirs are thought to exist. It is important to note that
induction of competent virus would be quite difficult or impos-
sible to directly monitor in a wide range of tissue types outside
the blood. Thus, a phylogenetics-based method for detecting a
reservoir would be a valuable tool for targeting therapy, eval-
uating therapeutic efficacy, and defining and eliminating resid-
ual sources of virus replication in treated individuals.

We begin with a schematic depiction of a set of sequences
sampled longitudinally (i.e., samples obtained serially through-
out the course of infection) from the blood, and in the last time
frame, we sample from both the blood and the putative reser-
voir. It is known that blood sequences sampled at one time
point tend to cluster together, to the exclusion of other time
points, and that later time points tend to fall further from the
most recent common ancestor (MRCA) than do earlier time
points (34). We propose that, given enough evolutionary time,
viral sequences from a reservoir should have genetic charac-
teristics that would distinguish them from contemporaneous
sequences (Fig. 1A and B).

(i) A sampling of sequences obtained from a reservoir
should have reduced temporal structure compared to a sample
of sequences obtained from a nonreservoir because they would
be more likely to share close ancestry outside the time they
were sampled. Therefore, sequences from a reservoir should
be dispersed throughout a phylogenetic tree of viruses sampled
over time from an individual. It is important to recognize that
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FIG. 1. Genetic characteristics of virus from persistent reservoirs and nonreservoir compartments. Panel A illustrates the characteristics
predicted for a persistent virus reservoir. The phylogenetic tree depicts viral sequences from blood over four time points (thin lines for times 1 to
3, thick lines for time 4) plus a putative virus reservoir sampled at time 4 (thick gray lines). The relationships between the putative reservoir
sequences are summarized in panel B, and the relationships between blood sequences (i.e., nonreservoir) sampled at time point 4 are summarized
in panel C. The reservoir sequences in panel A have less temporal structure (indicated by the length of the brackets in panels B and C), higher
levels of sequence diversity (the length of lines without arrowheads in panels B and C), and a lower average divergence from the MRCA than
contemporaneous virus from the blood (compare arrow lengths in panels B and C). Of these three criteria, the reduction in sequence divergence
is the most important for detection of a reservoir. Panels D to F illustrate some examples of samples from a putative reservoir (thick gray lines)
that do not fit all of our criteria. The sequences in panel D are temporally structured, since they are phylogenetically intermingled with the
contemporaneous blood-derived virus. More importantly, they have high mean divergence from the MRCA. The sequences in panel E have higher
mean diversity but also have high levels of divergence equivalent to blood-derived sequences. These relationships would be expected from a
compartment having high asymmetric migration from the blood to the compartment with turnover as fast as that of virus in the blood. The
sequences in panel F have high divergence and high diversity, as well as high temporal structure. These relationships would be expected for a
compartment seeded early in infection and evolving separately from the virus in the blood.

the criterion of reduced temporal structure can only be eval-
uated with samples taken serially over the course of infection.

(ii) A sampling of sequences obtained from a reservoir in
patients who have been infected for long periods of time will
typically have higher levels of diversity than those from sites
not serving as a reservoir, reflecting their dispersed phyloge-
netic lineages and the presence of both contemporary and
historical viral sequences.

(iif) Most importantly, reservoir viral sequences should have
diverged, on average, less from the MRCA than contempora-
neous virus from a nonreservoir. This is due to the reservoir
being fed at both early and late times of infection and persist-
ing in approximately the same state because of a lack of on-
going replication.

The strongest signal of a reservoir comes from characteristic
iii, largely because it is less dependent on the length of time of
infection. For characteristics i and ii, but i in particular, to be
readily detected requires either directional selection through
time and/or the passage of more generations than needed for
a sample to coalesce to its MRCA. Temporal structure can be
quantified by using clustering algorithms (2, 36, 37), while
diversity and divergence can be estimated by using phyloge-

netic algorithms available in the PHYLIP (12) and PAUP*
(38) software packages.

In contrast to virus in a reservoir, blood-borne virus sampled
contemporaneously (¢t = 4 in Fig. 1A) should have relatively
strong temporal structure, low diversity, and high mean diver-
gence from the MRCA (Fig. 1C). The sequences in Fig. 1D fail
to meet our criteria for a viral reservoir because of strong
temporal structure, low viral diversity, and a large mean dis-
tance from the MRCA. This phylogenetic structure indicates
substantial comingling of virus in the candidate reservoir with
virus in the blood (i.e., a high migration rate). The sequences
in Fig. 1E also fail to meet the criteria for a reservoir because
of their high mean divergence from the MRCA. Thus, al-
though the candidate reservoir was seeded with virus over time
(i.e., because of asymmetric migration from the blood to the
site), virus in the candidate reservoir is evolving at the same
rate as virus in the blood. The sequences in Fig. 1F fail to meet
our criteria for a reservoir because of a high mean divergence
from the MRCA and because of their strong temporal struc-
ture. Such a pattern would be expected in a compartment
seeded early in infection but containing virus replicating sep-
arately from virus in the blood.
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We next performed a computer simulation to establish a
baseline for the differences in genetic diversity and divergence
that could be expected between reservoirs and compartments.
We used the serially sampled coalescent (11) to model the
evolutionary process in the genealogy of a viral population
sample involving both contemporary virus and reservoir virus.
The coalescent describes the accumulation of neutral muta-
tions occurring as Poisson events during the evolution of a
sample of individuals from a large ideal (Wright-Fisher) pop-
ulation (15). Modifications of a basic simulator (16) make it
possible to sample the ideal population at various times during
evolution. To model the evolution of reservoir virus, we sup-
pose that virus infects reservoir cells and becomes latent at
different times throughout infection.

We thus consider reservoir viruses to have arrived in the
reservoir at times earlier than the actual patient sampling time,
undergoing little or no further mutation accumulation up to
the time of patient sampling. Under this scheme, the genealogy
of a reservoir sample should follow a serially sampled coales-
cent. Each individual in a reservoir sample has a sampling time
given by a random variate drawn from a plausible age distri-
bution of latently infected cells. In the Appendix, we describe
the derivation of this latent-cell age distribution based on a
simplified variant of an often-cited model for the dynamics of
virus and latently infected cells (27). The entire contemporary
sample has coalescent time zero, equivalent to the present or
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actual patient sampling time. The simulated genealogy in-
cludes both contemporary virus and reservoir virus. Lineages
that had not coalesced at the time of infection were forced to
coalesce instantaneously at that point (18); this approximately
models the rapid outgrowth of virus upon infection.

We sought to model the impact of reduced replication in the
reservoir on the levels of diversity and divergence in the res-
ervoir, compared to those in a contemporary nonreservoir
sample. Each iteration of the simulation, therefore, consisted
of the following steps: for n reservoir individuals and n con-
temporary individuals, (i) choose #n random sampling times in
the past for the reservoir sample, according to the latent-cell
age distribution; (ii) use the serial coalescent to create a ge-
nealogy of all 2n sampled individuals, using the random sam-
pling times for the reservoir and time zero for the contempo-
rary individuals; (iii) place mutations on the genealogy at a
specified constant rate; and (iv) calculate the average pairwise
diversity within the samples and the average divergence from
the root of the genealogy for both the reservoir and the con-
temporary samples and record the differences. Two hundred
fifty iterations were performed for each set of parameters,
giving rise to a total of 6,000 simulations.

To perform the aforementioned simulations, we required
estimates of several evolutionary and virological parameters.
Because our intent was to demonstrate the qualitative behavior
of diversity and divergence in viral reservoirs, we did not ex-
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FIG. 2. Diversity and divergence comparisons between reservoir and contemporary virus samples. The median difference between the reservoir
sample divergence (black triangles) and diversity (gray squares) and contemporary divergence and diversity is graphed for three latent-cell
half-lives (6, 24, and 44 months) and two effective population sizes (1,000 and 2,500). Each simulation represents 250 iterations. The 95th

percentiles of the diversity and divergence distributions are indicated

by gray and black bars, respectively.
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FIG. 3. Analysis of sequence data obtained prior to and after ~5 months of effective therapy. (A) A maximum-likelihood tree with a model
of evolution determined to be HKY + G. The tree was constructed by using a neighbor-joining start with an SPR algorithm for branch swapping
in PAUP*. (B) Diversity and divergence of sequences within this patient. We note that these quantities are neither normally distributed nor
independent measures of distances, and thus, it is not appropriate to use parametric statistics. Instead, we chose to use resampling methods to
determine significance levels. The confidence intervals and the mean test are based on 1,000 bootstrap replicates. We found that the samples taken
after ~5 months of HAART had the same evolutionary patterns found in the simulation (N, of 1,000 and latency half-life of 44 months), whereas
diversity was higher and divergence was lower for the latent-reservoir pool. OG, outgroup; BS, bootstrap.

haustively explore the parameter space but attempted to use
biologically reasonable point estimates for most parameters.
Fixed parameters were the scaled mutation rate 6 = 2N u
(where N, is the effective population size and u is the mutation
rate per site per generation), 0.190 (based on estimates from
the data of Shankarappa et al. [34]); a sample size (n) for both
reservoir and contemporary samples of 10; and a viral gener-
ation time of 1.2 days/generation (31). Viral-load parameters
were selected such that the load rose from approximately 100

virions/ml of plasma upon infection to 10° virions/ml 14 days
postinfection. Acute high viremia resolved by 30 days postin-
fection, and the viral set point was approximately 10° viri-
ons/ml (see Appendix). We varied three parameters: N, (1,000
or 2,500 [23]), latent-cell half-life (6, 24, or 44 months [30, 35,
41]), and length of infection (12, 30, 60, or 120 months).
Figure 2 displays the simulation results. The hypothesis that
reservoir divergence is less than contemporary divergence was
borne out in all cases; the central 95% of the empirical distri-
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butions of the difference was always less than zero. Diversity in
the reservoir can become greater than contemporary diversity,
on average, provided that the infection has continued long
enough and the latent-cell half-life is long. Earlier in infection,
before there has been enough time for mutations to become
fixed in the population, diversity was generally reduced in the
reservoir.

Finally, we analyzed two HIV sequence data sets from dif-
ferent patients to demonstrate how our assessment method can
be used to evaluate viral reservoirs. The first patient comes
from a study of sequences derived from a known and well-
defined reservoir, and the second comes from a study in which
the sequences were not derived from a known reservoir but
nonetheless exhibit reservoir-like behavior.

A latent-virus reservoir composed of HIV-1-infected resting
CD4™" T cells that can only be detected in patients who have
been on suppressive combination therapy (i.e., HAART) has
been previously described (5-7, 13, 14, 30). We used our res-
ervoir criteria to determine if the phylogenetic signal we pre-
dict would arise from such a sampling of data (Fig. 3). Imami-
chi et al. (17) published sequences from a 40-year-old male
who had been infected with HIV-1 for at least 6 years before
initiation of HAART. His levels of HIV RNA declined to <50
copies/ml during therapy. Figure 3 shows that the DNA sample
taken from PBMC after 5 months of effective HAART had
higher levels of genetic diversity but lower levels of divergence,
as we would predict for a reservoir. Stronger inferences con-
cerning temporal structure could have been made if samples
from more time points prior to the onset of therapy had been
available. Nevertheless, this result is consistent with what we
expect from a reservoir population. We recognize that this
sample could represent a pool of defective archival sequences
that would not contribute to the rebounding virus pool when
HAART is discontinued (4, 22). However, the process that
leads to latent infection is likely to be one of the same pro-
cesses that drive the development of the defective archival
pool. Thus, the evolutionary patterns in the archival pool
should be similar to that found in the latent-reservoir pool.

The second HIV-1-infected patient also had pleural tuber-
culosis (TB) due to Mycobacterium tuberculosis (8). Sequences
from the C2-C3 coding region of HIV-1 env were obtained
from PBMC and pleural fluid mononuclear cells, as well as
from virions from plasma and pleural fluid. The main conclu-
sion was that pleural TB raises HIV-1 genetic variation largely
in the pleural cavity and somewhat systemically. We critically
reanalyzed the sequences from patient 57 with the methods
outlined in Fig. 3 and found that HIV-1 sequences from the
pleural space were less divergent (P = 0.051) and more diverse
(P = 0.005) than sequences from the blood, suggesting that
pleural TB stimulates the production of HIV-1 from a latent-
reservoir pool. Overall, HIV-1 sequences from the pleural
space from five of the eight patients described by Collins et al.
(8) appear to have this pattern. Those authors suggested that
the increase in diversity they observed came from new rounds
of viral replication and selection. However, a more parsimoni-
ous explanation of their observation is that pleural TB infec-
tion releases archived virus from the latent-reservoir pool,
probably because of immune stimulation. This implies to us
that, at least with respect to the pleural cavity, a latent-reser-
voir pool resides at this anatomical site that may be composed
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of macrophages (G. S. Laco, D. C. Nickle, S. J. Brodie, A. K.
Ghosh, A. J. Melvin, K. Mohan, L. M. Frenkel, and J. L.
Mullins, unpublished data). Additional experiments (i.e., cell
sorting) are required to further examine this potential newly
identified latent reservoir.

Reservoirs have been studied previously by observing viral
DNA decay from specific cell types after the onset of effective
therapy. We have shown through simulations that a reduction
in divergence in the reservoir sample is a useful genetic assess-
ment of a reservoir. Ruff et al. (32) used some of these con-
cepts (i.e., lack of temporal structure) to detect the viral res-
ervoir in pediatric AIDS patients that were on effective
therapy. More importantly, their result, like the result we ob-
tained with the data of Imamichi et al. (17), was largely driven
by the lack of divergence in the reservoir sample. Our plans are
to exploit this notion of depressed divergence in the reservoir
sample and develop a statistical test for the identification of a
reservoir. The evolutionary definitions proposed herein allow
the detection of potential reservoirs in tissues or cell types in
which viral dynamics cannot be accurately quantified (e.g., the
pleural cavity).

APPENDIX

Age distribution of latently infected cells. In order to per-
form the simulations described below, we required a biologi-
cally reasonable approximation of the age structure of the
latently infected cell (or latent-cell) population at any given
time. A probability distribution can be derived from the age
structure, and random variates can be sampled from that dis-
tribution by using the rejection method (29).

Derivation of age distribution. We assume that the dynamics
of the latent-cell population are described by a simple first-
order differential equation:

dL
g kCV(t) — mL(t) (1)
where L(7) is the total number of latent cells per unit of blood
volume at time #, V/(¢) is the number of virions per unit volume,
C is the number of susceptible cells, £ is the rate of latent
infection upon encounter with a virion, and m is the exponen-
tial decay rate of the latent cell. As in reference 26, we assume
that kC is constant over the period of infection we consider,
i.e., that the number of susceptible cells has reached a steady
state of production of cells on the one hand and destruction or
infection of cells on the other. I/(¢) can be arbitrarily specified.
Rather than establish further differential equations describing
it, we chose the functional form of V' to mimic the typical
viral-load phenomenology. This is described below.
With an arbitrary V, the solution to equation 1 is simply

L(t) = L(0)e ™ + kC f e W, @)

0

Assume that L(0) = 0, i.e., that there are no latent cells at the
onset of infection. Then the solution (equation 2) can be in-
terpreted as follows: for any time ¢, the total number of latent
cells is the sum of contributions kCV(¢) over all times x from 0
to ¢, each discounted by exponential decay over the time since
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the contribution was made, e~ ~ ®. That is, the number of
latent cells between ages x and x + dx existing at time ¢ is
proportional to the integrand in equation 2. Since L(¢) is that
total, the distribution of latent-cell ages x at time ¢ is

e " CV(x) e " I (x)
llj(t ’ X) - L(t) -

r (3)
f OV e

i

and the proportion of latent cells with ages between x; and x,
at time 7 is

f Pt x)dx for0 =x, <x, <t 4)

X1

Choice of viral-load function. The plasma viral load in
HIV-1 patient blood rapidly attains a peak between 10° and
107 virions/pl after infection and then quickly drops several
logs, to a level (10? to 10° virions/ul) that remains relatively
stable for up to several years (25, 33). This behavior can be
approximated by subtracting two logistic curves with offset
critical points. Let f(a, k, r, t) = (ake™)/(1 + ae™) and write V(¢)
=flay, ki, ry t) — flay, ky, 1y t), where a; > a,, ky > k,, and r,
> r,. Figure Al depicts V(¢) and component logistic curves for
representative parameters. Figure A2 depicts a representative
latent-cell age distribution when V" as described is employed in
equation 3.

Implementation of rejection method. To generate random
deviates from the latent-cell distribution, we employed the
rejection method as outlined in reference 29. Briefly, this is an
algorithm that allows the transformation of uniform deviates
into deviates drawn from an arbitrary distribution. It requires
the construction of an envelope function f that is greater than
or equal to the distribution function everywhere on its domain
but also for which a closed-form antiderivative F and inverse
antiderivative F~' may be found. A random pair (x, y) can be
drawn uniformly from under the envelope function by drawing
first a value z uniformly from the interval (0, 4), where A4 is the
area under the envelope function, and letting x = F~*(z), then
drawing y uniformly from the interval [0, f(x)]. Ify = y(z, x), we
accept the deviate (x, y); otherwise, we reject it and repeat. The
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set of accepted x’s are random deviates distributed as { and
form a set of random times used in the simulations. We con-
structed f as follows. First, note that for any ¢, we can choose
the smallest x,, large enough that

k _ k —m(t — x¢)
bty - I T

where I is the integral denominator in equation 3. Next, we can
find x,,,, numerically such that (¢, x,,,,) = M, where M is the
local maximum at the left of the distribution induced by the
early viral-load peak (Fig. A2). Then the function

Mx,x € [0, x,]
R0 =1 (7 explne — et Jem 0, e v

is everywhere greater than or equal to y(z, x) on [0, ¢] and is
easily integrated and inverted in closed form. Routines to
make the above-described calculations and implement the re-
jection method were written in Mathematica 4.0 (Wolfram
Research, Champaign, IlL.).
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