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in the Central Nervous System (CNS) After Years of
Suppressive Antiretroviral Therapy Can Originate from a
Replicating CNS Reservoir or Clonally Expanded Cells

Sarah B. Joseph,"” Laura P. Kincer,' Natalie M. Bowman,? Chris Evans,2 Michael J. Vinikoor,? Christopher K. Lippincott,® Magnus Gisslén,’
Serena Spudich,’ Prema Menezes,2® Kevin Robertson,” Nancie Archin,” Angela Kashuba,®® Joseph J. Eron,2° Richard W. Price,’ and Ronald Swanstrom®'’

'Department of Microbiology and Immunology, and “Division of Infectious Diseases, School of Medicine, University of North Carolina at Chapel Hill; Division of Infectious Diseases, Johns
Hopkins University School of Medicine, Baltimore, Maryland; “Department of Infectious Diseases, Sahlgrenska Academy at the University of Gothenburg, Sweden; *Department of Neurology, Yale
University School of Medicine, New Haven, Connecticut; *University of North Carolina Center for AIDS Research, "Department of Neurology, and °Eshelman School of Pharmacy, University of North
Carolina at Chapel Hill; *Department of Neurology, University of California, San Francisco; and '®Department of Biochemistry and Biophysics, University of North Carolina at Chapel Hill

Background. Human immunodeficiency virus type 1 (HIV-1) populations are detected in cerebrospinal fluid (CSF) of some
people on suppressive antiretroviral therapy (ART). Detailed analysis of these populations may reveal whether they are produced by
central nervous system (CNS) reservoirs.

Methods. We performed a study of 101 asymptomatic participants on stable ART. HIV-1 RNA concentrations were cross-sec-
tionally measured in CSF and plasma. In participants with CSF HIV-1 RNA concentrations sufficient for analysis, viral populations
were genetically and phenotypically characterized over multiple time points.

Results.  For 6% of participants (6 of 101), the concentration of HIV-1 RNA in their CSF was >0.5 log copies/mL above that of
plasma (ie, CSF escape). We generated viral envelope sequences from CSF of 3 participants. One had a persistent CSF escape pop-
ulation that was macrophage-tropic, partially drug resistant, genetically diverse, and closely related to a minor macrophage-tropic
lineage present in the blood prior to viral suppression and enriched for after ART. Two participants (1 suppressed and 1 not) had
transient CSF escape populations that were R5 T cell-tropic with little genetic diversity.

Conclusions. Extensive analysis of viral populations in 1 participant revealed that CSF escape was from a persistently replicating
population, likely in macrophages/microglia, present in the CNS over 3 years of ART. CSF escape in 2 other participants was likely
produced by trafficking and transient expansion of infected T cells in the CNS. Our results show that CNS reservoirs can persist

during ART and that CSF escape is not exclusively produced by replicating CNS reservoirs.
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Antiretroviral therapy (ART) typically reduces plasma viral
loads to levels that are undetectable by standard assays though
often still detectable by ultrasensitive methods [1-3]. Sequence
analyses of these low-level populations in the plasma [4, 5] and
proviral DNA isolated from the blood [6] and lymph nodes [7]
have not shown evidence of viral evolution during ART. Thus,
our current understanding is that persistent viral reservoirs in
the periphery during suppressive ART are not maintained by
ongoing replication and that viral production during this time
is likely due to reactivation of latently infected cells. Human im-
munodeficiency virus type 1 (HIV-1) RNA in the cerebrospinal
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fluid (CSF) of patients on suppressive ART may be due to reac-
tivation from persistent reservoirs in the central nervous system
(CNS) compartment or from cells that enter the CNS from the
periphery. Ongoing replication of HIV in the CNS may occur
in the context of subtherapeutic drug concentration in the CNS
(reviewed by Yilmaz et al [8]) and/or poor immune control due
to small numbers of CD8+ T cells in that compartment [9].
Analysis of DNA from CNS cells of infected people [10] and
simian immunodeficiency virus (SIV)—or simian human im-
munodeficiency virus—infected macaques [11, 12] has shown
viral DNA in the brain after extensive ART treatment. However,
whether these proviral genomes are intact and therefore ca-
pable of generating rebound virus if ART were stopped is un-
known. Recently, a study of macaques infected with a highly
neuropathogenic SIV showed that macrophages isolated from
the brain produced SIV in a quantitative viral outgrowth assay
(QVOA) [13]. While the study clearly indicated that viral res-
ervoirs can persist in the CNS during ART, CNS reservoirs in
that model may not be representative of reservoirs in humans.
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An alternative approach to studying CNS reservoirs is to ex-
amine viral populations in the CSF of ART-treated people. In
this study, we identified people with viral suppression systemi-
cally but who had at least 0.5 log higher levels of HIV-1 RNA in
their CSF than in their plasma—a condition termed CSF escape
[14, 15]. We characterized viral populations in 3 participants
who had CSF escape and concentrations of CSF RNA levels
that were high enough to facilitate genetic analyses of the virus,
allowing us to infer the source of CSF escape.

METHODS

Study Design

Participants were enrolled as part of the Tropism of HIV-
1, Inflammation and NeuroCognition (THINC) Study.
Participants were HIV-positive men and women aged >18 years
on stable ART with a plasma viral load of <50 copies/mL for at
least 12 months prior to enrollment with blips up to 200 copies/
mL allowed. Participants had no change to their ART regimen
for at least 3 months prior to enrollment. Individuals with active
psychiatric illness or active brain infections were excluded.
A total of 101 participants met these criteria and were enrolled
for a cross-sectional study visit at 1 of 3 study sites: University of
North Carolina at Chapel Hill (UNC), University of California
at San Francisco, or Yale University (New Haven, CT). The
study visit consisted of a blood draw, a lumbar puncture with
CSF collection, and a neurocognitive assessment. Local institu-
tional review boards at all 3 sites approved the study, and partic-
ipants gave informed consent prior to study enrollment.

Sample Collection and Viral Load Analyses

Whole blood was collected from participants in EDTA. Blood
plasma was separated from the whole blood pellet and stored
at —80°C. Peripheral blood mononuclear cells (PBMCs) were
isolated by Ficoll purification and viably stored. CSF was col-
lected into uncoated tubes and immediately placed on ice. The
CSF was then centrifuged to pellet cells. The supernatant was
aliquoted into cryovials and stored at —80°C.

HIV-1 RNA levels were measured in blood plasma and CSF
samples using assays with a lower limit of quantification of 40
(Abbott RealTime HIV-1 RNA assay) or 20 copies/mL (COBAS
Ampliprep/COBAS Tagman version 2.0). Participants were
defined as having CSF escape when viral load measured by stan-
dard assays indicated that their CSF viral load was >40 copies/
mL and their plasma viral load was <40 copies/mL or their CSF
viral load was 20.5 log plasma viral load.

QVOA Procedure

Resting CD4+ T cells were isolated from PBMCs using negative
selection for CD4+ cells with depletion of CD25 high cells (cus-
tom kit, Stem Cell). Resting cells were cultured at a density of
100 000 cells/well in previously described outgrowth conditions
[16]. On days 15 and 19, p24 concentration was measured, and
positive supernatants were stored at —80°C.

Deep Sequencing

Mlumina MiSeq 300 base paired-end multiplex library prepara-
tion was performed using our Primer ID approach that avoids
resampling and corrects for mutations generated during poly-
merase chain reaction assay and sequencing [17]. Briefly, viral
RNA was extracted from blood plasma and CSF, and cDNA was
generated using a pool of 4 primers for the V1-V3 region of
env and 3 regions of pol (partial RT, IN, and PR). Each cDNA
primer included a random 11 base tag (Primer ID). cDNAs
were amplified and sequenced using the Illumina MiSeq plat-
form. A template consensus sequence (TCS) was generated for
each Primer ID. TCSs were aligned (multiple sequence com-
parison by log-expectation [MUSCLE]), and neighbor-joining
phylogenetic trees were generated.

Phenotyping

Single-genome amplification was performed as previously
described [18] and full-length env genes were cloned into the
pcDNA3.1D/V5-His-TOPO expression vector (Invitrogen)
using the pcDNA 3.1 directional TOPO expression kit
(Invitrogen). We used our established protocol [19, 20] to assess
the ability of cloned env genes to facilitate entry of a pseudo-
typed reporter virus into cells expressing a low density of CD4
(a marker for macrophage tropism). Macrophage- and R5 T
cell-tropic HIV-1 controls have been previously described [19,
21, 22].

PK Analyses

Antiretroviral concentrations in the plasma and the CSF
were analyzed using liquid chromatography-tandem mass
spectroscopy assays available at the UNC Center for AIDS
Research Clinical Pharmacology and the Analytical Chemistry
Laboratory at UNC [23].

Statistical Analyses
All statistical analyses were performed using R statistical soft-
ware (version 3.3.3).

RESULTS

CSF Escape in the THINC Study

A total of 101 ART-treated, neurologically asymptomatic par-
ticipants were enrolled in the THINC study from 2011 to 2017.
The cohort was 86% male, 44% black or African American,
52% white, and 4% other. The median age was 50 (interquartile
range, 42-55). Six participants (6%) had CSF escape, and the
remaining participants had CSF and plasma viral loads below
the limit of detection (Table 1). The median nadir CD4+ T-cell
count of the cohort was 133 cells/mm”. Participants with CSF
escape had lower CD4+ T-cell counts at study entry (Wilcoxon
rank sum, P = .03). Participants with CSF escape had higher
CSF white blood cell (WBC) counts, lower nadir CD4 T-cell
counts, and shorter time on therapy, but these differences were
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Table 1. Background and Clinical Characteristics
Suppressed
Escape (Median,
Variable 503 1018 3017 340 3025 3026 (Median)® Interquartile Range)
Gender Female Male Male Male Male Male
Race Black or Black or Black or American White White
African African African Indian/Alaska
American American American Native
T T2 T T2 T1 T2 T3

Age (years) 52 53 48 48 48 39 39 42 42 47 48 50 (42-56)
CSF VL (copies/mL) 17 89 47 209 54 1295 <40 265 356 <40 17 <40°
Plasma VL (copies/ <40 <40 <40 62 <40 <40 <40 <40 <40 <40 <40 <40°
mL)
CD4 (cells/mm?®) 430 567 325 327 210 261 200 309 503 326 539 (389-693)°
Nadir CD4 (cells/ 298 296 150 103 12 10 127 133 (34-253)°
mm?®)
CSF white blood cell 3 134 1 1 87 4 2 1 2 2 1(1-3)°
count (cells/mm?)
Months on ART 12 13 32 83 85 19 28 23 31 83 23 62 (19-123)°
ART regimen EFV, FTC, EFV, FTC, EFV, FTC,  DRV/r, DRV/r, DRV/r, DRV/r, DRV/r, TDF, DRV/r, BIC,

TDF TDF TDF TDE TDFE  TDE  TDE FTC TDE  FTC,

FTC FTC FTC FTC FTC TAF

ART regimen resist- N/A N/A N/A N/A N/A  None N/A M184V  M184V  N/A

ance mutations

Abbreviations: ART, antiretroviral therapy; BIC, bictegravir; CSF, cerebrospinal fluid; DRV/r, ritonavirboosted darunavir; EFV, efavirenz; FTC, emtricitabine; N/A, not measured; T1, time point

1;T2, time point 2; T3, time point 3; TDF, tenofovir disoproxil fumarate; VL, viral load.

“For participants with multiple escape time points, an average value was generated and used to calculate the median.

°A total of 95 participants.
°A total of 94 participants.
9A total of 92 participants.

not significant (P > .05). In this, and a previous study [14], it
was found that some individuals with asymptomatic CSF escape
had very low nadir CD4+ T-cell counts, but neither study found
a statistically significant association between asymptomatic
CSF escape and nadir CD4+ T-cell counts. In contrast, symp-
tomatic CSF escape has been associated with low nadir CD4
T-cell counts [15, 24, 25].

Among the 6 participants with CSF escape, the 3 with the
highest CSF viral loads (participants 340, 3025, 3026) also had
the lowest nadir CD4+ T-cell counts oft ART but otherwise were
not distinguishable from the other 3 CSF escape participants
(Table 1). We further characterized the CSF virus from these
3 participants and collected follow-up CSF samples to evaluate
the stability of the viral CSF escape populations. Since interpre-
tation of the nature of the CSF escape virus varied between the
cases, each is presented separately below.

Persistent CSF Escape in a Participant With Extensive Longitudinal
Sampling

Participant 3026 initiated ART approximately 40 months after
diagnosis (CD4 nadir
plasma virus population 2 weeks prior to ART initiation and
at 4 time points post-ART initiation when plasma HIV RNA
remained detectable (Figure 1A). In addition, this participant

10 cells/mm®). We sequenced the

received 3 lumbar punctures while on ART, and we sequenced

the CSF population at the 2 time points with CSF escape (ie,
T1 and T2, 23 and 31 months post-ART). At the time of the
third lumbar puncture (ie, T3, 83 months post-ART), the CSF
viral load was undetectable after an earlier change in the drug
regimen (see Figure 1A for timeline). At time point 3, resting
CD4+ T cells were isolated from the blood and analyzed by
QVOA, which gave a latent reservoir size of 2.7 infectious units
per million resting CD4+ T cells.

The origin of CSF escape was explored using genetic and phe-
notypic analyses. Deep sequencing revealed that populations
present at the 2 time points were genetically distinct but highly
related (Figure 1B; T1 in light blue and T2 in dark blue). In addi-
tion, CSF escape viruses at T1 and T2 had an M184V mutation,
conferring resistance to emtricitabine (FTC); at T1, the CSF es-
cape population also had a T215I mutation (a partial reversion of
an azidothymidine [AZT] resistance marker) that was no longer
detected by T2. Given that partial reversions at position 215 are
transmitted in the absence of AZT and have at most a modest
impact on viral fitness [26], the reason for the loss of the T2151
allele from this CSF escape population is difficult to interpret.
It may have been due to selection at linked sites, genetic drift,
or the result of selective pressure to the wild-type threonine al-
lele. Alternatively, in the absence of viral replication, T215I could
have been lost from the CSF escape population if the population
of cells producing virus at T1 was different from the population
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Figure 1. Persistent asymptomatic CSF escape variants are macrophage-tropic, produced by a population of infected cells in the central nervous system during ART, and
genetically similar to macrophage-tropic variants detected in the plasma after ART initiation (participant 3026). A, HIV-1 viral loads in the plasma (values connected by a
red line) and CSF (values connected by a blue line) were measured at multiple time points for participant 3026. HIV-1 was suppressed in the blood plasma after 10 months
of ART, and CSF escape was observed after 23 and 31 months of ART but undetectable after 83 months of ART. Nongray dots indicate time points at which viral RNA was
extracted from plasma and/or CSF and a MiSeq with Primer ID approach was used to generate partial envsequences or an outgrowth analysis was performed. ART regimens
are shown in gray boxes. B, A neighbor-joining phylogenetic tree was constructed to compare partial envsequences from the plasma and CSF at multiple time points. Prior to
ART, 92% of virus in the plasma formed a single major lineage (node marked with a pink circle), 4% of the plasma population was found in a separate, minor lineage (node
marked with a red triangle), and the remaining virus was found in 4 small lineages representing approximately 4% of the pre-ART plasma population. After 2 months of ART,
the initially rare lineage represented 82% of variants in the plasma. CSF escape variants were largely monophyletic and most closely related to the lineage that was rare
pre-ART. Single-genome amplification was used to amplify 15 full-length envgenes from the CSF and plasma at multiple time points (amplicon names indicate months on ART
and are designated on the tree) and amplicons were cloned into expression vectors for entry phenotype analyses. C, Cloned HIV-1 envs were used to produce Env-pseudotyped
reporter viruses and perform single-cycle infection of CD4'*CCR5"" Affinofile cells to determine whether clones were macrophage-tropic. The entry phenotypes of previously
characterized macrophage-tropic and T cell-tropic controls are shown. Two clones from the blood population pre-ART, one from the majority lineage pre-ART (pink circle) and
another from elsewhere in the tree, were found to be T cell-tropic due to their inability to efficiently enter cells expressing a low density of CD4. In contrast, envs cloned
from the initially rare lineage (red triangle) and CSF escape variants were all macrophage-tropic. 0, Sequence and viral load data were used to estimate the viral load of the
lineages at each time point and to plot the viral load of each lineage as a fraction of its pre-ART viral load. Prior to ART (to the left of the vertical line), each lineage starts
at 1, but by 5 months post-ART, the initially common lineage (pink circle) had decayed 3 log10 from its pre-ART frequency, while the initially rare lineage (red triangle) only
decayed 0.7 log10. This difference was not simply due to differences in the post-ART decay rate but also due to expansion of this population near the time of ART initiation.
Abbreviations: ART, antiretroviral therapy; BIC, bictegravir; COBI, cobicistat; CSF, cerebrospinal fluid; DRV/r, ritonavir-boosted darunavir; FTC, emtricitabine; HIV, human im-
munodeficiency virus; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate.
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of cells producing virus at T2. While we cannot rule out the latter
possibility, we view it as unlikely.

Analyses of full-length env genes from CSF escape popula-
tions revealed that they had a moderate to extremely high ability
to use low levels of CD4 for entry (Figure 1C). This is a marker
for macrophage tropism and indicative of viral adaptation to
the CNS compartment, again consistent with a CNS source of
this virus. Changes in viral diversity and drug resistance along
with the observed macrophage-tropism are most consistent
with a partially resistant, replicating population in CNS macro-
phage/microglia present 2 years after the initiation of ART. The
ability of HIV-1 to establish macrophage-tropic populations in
the CNS has been previously illustrated in studies of viral popu-
lations in CSF collected from untreated people, often with HIV-
associated dementia [22, 27-32]. This raises the possibility that
once established, a macrophage-tropic population may persist
in the CNS of some ART-treated people and possibly give rise
to CSF escape virus.

In an effort to understand the origin of the persistently repli-
cating virus in the CNS, we examined virus in the blood plasma
just before therapy (Figure 1A; light pink symbol) and during
the initial slow decay period on therapy (Figure 1A; red, dark
pink, orange, yellow symbols). Using deep sequencing, we
found a dramatic shift in the composition of the viral popula-
tion in the blood plasma with the initiation of therapy, with the
major lineage found in the plasma 2 weeks prior to ART largely
absent from the plasma after 2 months on ART (Figure 1B;
same color scheme as Figure 1A). Conversely, after 2 months
on ART, the plasma was dominated by what had initially been a
very minor population prior to ART (designated at its internal
node in the tree with a red triangle) and one that was closely
related to the replicating CSF escape population found nearly

2 years later. Figure 1D illustrates that 2 months after ART ini-
tiation, this initially rare blood plasma population before ART
became the dominant population. This suggests that the ini-
tially minor lineage was expanding when ART was initiated or
that infected cells continued to produce these variants as the
overall viral load dropped with ART. As with the CSF escape
population, this minor lineage in the blood was also macro-
phage-tropic, while the major population in the blood required
high levels of CD4 for entry and was thus R5 T cell-tropic. This
macrophage-tropic lineage in the blood was drug sensitive,
which is more consistent with viral production from long-lived
cells than persistent viral replication. Finally, we sequenced 15
outgrowth viruses from the QVOA (Figure 1B; green sequences
designated with asterisks) and found that they clustered with
R5 T cell-tropic variants and were not found in the lineage con-
taining macrophage-tropic variants (red triangle). Given that
QVOA viruses were both cultured from CD4+ T cells and most
closely related to T cell-tropic viruses in the phylogenetic tree,
we conclude that QVOA viruses are most likely R5 T cell-tropic.

Episodic CSF Escape

Participant 3025 initiated ART approximately 84 months after
diagnosis (CD4 nadir = 10 cells/mm”’). This participant re-
ceived 2 lumbar punctures as part of the THINC study (at 19
and 28 months after ART initiation). There was CSF escape
virus at the first time point, with elevated CSF WBC, but virus
was undetectable at the time of the second lumbar puncture
(Figure 2A and Table 1). At the CSF escape time point, the viral
population was extremely homogeneous (Figure 2B), drug sen-
sitive, and, based on the V3 sequence, capable of using either
CXCR4 or CCR5 for entry. We cloned a single env gene from
this population and found that it was inefficient at facilitating
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Episodic asymptomatic CSF escape variants are most likely produced by clonally expanded CD4+ T cells present in the CNS during ART (participant 3025). A,

HIV-1 viral loads in the plasma (values connected by a red line) and CSF (values connected by a blue line) were measured at multiple time points for participant 3025. CSF
escape was observed after 19 months of ART but was undetectable at 27 months post-ART. A MiSeq with Primer ID approach was used to generate partial env sequences
from the CSF escape population (blue dot). ART regimen is shown in the gray box. B, A neighbor-joining phylogenetic tree of 733 partial env sequences illustrates that the
CSF escape population was nearly homogeneous. C, A full-length HIV-1 env cloned from this homogeneous population was pseudotyped and shown to be T cell-tropic in a
CD4™CCR5"" Affinofile entry assay. Abbreviations: ART, antiretroviral therapy; CSF, cerebrospinal fluid; DRV/r, ritonavir-boosted darunavir; FTC, emtricitabine; HIV, human

immunodeficiency virus; TDF, tenofovir disoproxil fumarate.
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entry into cells expressing a low density of CD4 and therefore
T cell-tropic (Figure 2C). Because the population was homo-
geneous, this env gene represented the phenotype of the entire
CSF escape population. The lack of sequence diversity, the tran-
sient nature of the virus in the CSF, and the lack of resistance
mutations suggest this viral population was not the product of
ongoing viral replication. The high CSF viral load makes it un-
likely that this variant was produced by a single cell but instead
was released from a population of infected, clonally expanded T
cells that reactivated in the CNS.

CSF Escape in a Poorly Suppressed Participant

Participant 340 initiated ART approximately 14 years after diag-
nosis, at which time his CD4+ T-cell count was 103 cells/mm’.
CSF escape was identified 84 months after ART initiation at a
time when low-level virus was detected in the blood (Figure 3A
and Table 1). The small number of sequences sampled from the
CSF and plasma at the first time point were relatively homoge-
neous and largely mixed between the 2 compartments (Figure
3B). Entry analysis and V3 sequencing revealed that they were
R5 T cell-tropic (Figure 3C). The fact that the CSF and plasma
contained identical variants is most easily explained by virus
production from clonally expanded, infected T cells trafficking
into the CNS.

Analysis of Drug Concentrations

Analysis of 5 drugs common in the THINC cohort revealed that
antiviral drug concentrations were not lower in the CSF of the
6 individuals with CSF escape (Figure 4; Kruskal-Wallis rank
sum test, P > .05). This suggests that the detection of CSF es-
cape virus in this study was not the result of especially low drug
exposure in a subset of participants. It is, however, worth noting

that the 3 participants with the highest CSF escape viral loads
(participants 340, 3025, and 3026) were all on boosted protease
inhibitor-based regimens.

DISCUSSION

We observed that 6% of individuals in this cohort had asymp-
tomatic CSF escape. This is similar to a previous cross-sectional
analysis of neurologically asymptomatic people that found that
10% of individuals receiving combination ART had asymptomatic
CSF escape [14]. We performed extensive genetic and phenotypic
analyses of CSF viral populations in 3 people with CSF viral escape
to determine whether these populations were the result of a per-
sistent viral reservoir in the CNS. To our knowledge, this and our
previous study of a single participant with symptomatic CSF es-
cape [33] are the only studies that have phylogenetically examined
CSF escape populations, and this is the first study to assess entry
phenotypes of CSF escape virus. Combined, these approaches give
new insight into the origin of CSF escape virus.

One participant (3026) had strong evidence of CSF escape
produced by persistent viral replication in the CNS (Figure 1).
The CSF escape population in this participant was observed
8 months apart (23 and 31 months post-ART). At both times,
the blood plasma viral load was <40 copies/mL, indicating no
detectable systemic virus production/replication. This partici-
pant did, however, have plasma blips near the time of escape,
which is consistent with previous studies showing that low-level
plasma viremia is associated with CSF escape [14, 25]. Analysis
of viral entry phenotype revealed that the CSF escape virus
was macrophage-tropic. This rare entry phenotype has prima-
rily been observed in virus populations isolated from the CNS
(reviewed by Joseph and Swanstrom [34]). Together, these
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Figure 3. The source of asymptomatic CSF escape in a poorly suppressed participant is unclear (participant 340). A, HIV-1 viral loads in the plasma (values connected by a
red line) and CSF (values connected by a blue line) were measured at multiple time points for participant 340. Nongray dots indicate the time point at which viral RNA was
extracted from plasma and/or CSF, and single-genome amplification (SGA) was used to generate full-length env genes. Antiretroviral therapy regimen is shown in the gray
box. B, A neighbor-joining phylogenetic tree of full-length env sequences illustrates that identical sequences are found in the CSF and blood plasma. C, Full-length HIV-1 envs
cloned from the CSF population were pseudotyped and shown to be T cell-tropic based on an inability to efficiently enter Affinofile cells expressing a low surface density
of CD4. Abbreviations: ART, antiretroviral therapy; CSF, cerebrospinal fluid; DRV/r, ritonavir-boosted darunavir; FTC, emtricitabine; HIV, human immunodeficiency virus; TDF,
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Individuals with CSF escape had drug concentrations similar to those of well-suppressed individuals. CSF and plasma collected from the THINC (Tropism of HIV-

1, Inflammation and NeuroCognition) cohort were analyzed for the concentration of 5 of the most common drugs used in the cohort. As expected, CSF drug concentrations
were lower than that of plasma. On average, drug concentrations were not lower in the individuals with CSF escape (green) relative to individuals who were virologically
suppressed (purple). Abbreviations: CSF, cerebrospinal fluid; DRV, darunavir; EFV, efavirenz; FTC, emtricitabine; RTV, ritonavir; TDF, tenofovir disoproxil fumarate.

observations indicate that this participant had a population of
HIV-infected cells that persisted in the CNS after 31 months of
ART and that the cells supporting viral replication were most
likely macrophage/microglia. The observed changes in env ge-
netic diversity and drug resistance between the first and second
CSF escape time points further indicate that the escape popu-
lation not only persisted during this period but was replicating
and evolving. While most evidence suggests that ART sup-
presses viral replication of drug-sensitive variants [6, 35], the
CSF escape variants had an M184V mutation that made them
highly resistant to FTC that was part of their ART regimen.
Given that his CSF contained a low concentration of the other
drugs in his regimen (ritonavir-boosted darunavir and tenofo-
vir disoproxil fumarate) relative to concentrations in the blood
plasma (Figure 4), resistance to FTC may have been sufficient to
allow replication in the CNS.

We observed that as the plasma viral load declined after
ART initiation, the plasma virus population shifted from the
T cell-tropic population that dominated the plasma pre-ART to a
macrophage-tropic lineage that was a minor lineage pre-ART and
was closely related to the CSF escape populations. The simplest
explanation is that the macrophage-tropic population detected in

the plasma post-ART is ancestral to the CSF escape population
and was replicating in macrophage/microglia in the CNS (and
possibly infected macrophages in other tissues) before ART initi-
ation. After ART initiation, these long-lived cells continued pro-
ducing virus that could be detected in the plasma before ultimately
decaying to levels that could no longer be detected in the plasma.
During this post-ART period, viral production in the CNS (with
its low drug exposure) allowed the evolution of FTC resistance.
We also examined CSF escape populations from 2 additional
participants with asymptomatic CSF escape (Figures 2 and 3).
In both cases, the viral CSF escape population was relatively ho-
mogeneous and T cell-tropic. In addition, the 1 participant that
we were able to test for drug resistance (participant 3025) had
virus that was drug sensitive. Both examples of CSF escape are
most likely due to virus production from clonally expanded
T cells that traffic into the CNS, not virus production from long-
lived reservoirs in the CNS. In contrast, it is highly unlikely that
the persistent CSF escape population in participant 3026 was
produced by cells migrating into the CNS from the periphery.
Since the vast majority of variants in the periphery pre-ART
are T cell-tropic, production of a diverse macrophage-tropic
CSF escape population would require that many cells migrate
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into the CNS during ART and release an extremely rare type of
HIV-1 without releasing the typical T cell-tropic HIV-1.

Our in-depth analysis of 3 HIV-infected participants illus-
trates that asymptomatic CSF viral escape can be generated by at
least 2 mechanisms and that a subset of people may have CSF es-
cape populations produced by an actively replicating CNS reser-
voir. We were only able to identify CNS reservoirs that are being
expressed at the time of CSF sampling and accumulate in the CSF
at a sufficiently high concentration to allow detection. Despite
these limitations, this study provides the first genotypic and phe-
notypic characterization of a replication-competent viral reservoir
in the CNS of an ART-suppressed person.
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