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Abstract

Despite combined anti-retroviral therapy (CART), HIV+ patients still develop neurological
disorders, which may be due to persistent HIV infection and selective evolution in brain tissues.
Single-molecule real-time (SMRT) sequencing technology offers an improved opportunity to
study the relationship among HIV isolates in the brain and lymphoid tissues because it is capable
of generating thousands of long sequence reads in a single run. Here, we used SMRT sequencing
to generate ~50,000 high-quality full-length HIV envelope sequences (>2200bp) from 7 autopsy
tissues from an HIV+/cART+ subject, including three brain and four non-brain sites. Sanger
sequencing was used for comparison with SMRT data and to clone functional pseudoviruses for in
vitro tropism assays. Phylogenetic analysis demonstrated that brain-derived HIV was
compartmentalized from HIV outside the brain and that the variants from each of the three brain
tissues grouped independently. Variants from all peripheral tissues were intermixed on the tree, but
independent of the brain clades. Due to the large number of sequences, a clustering analysis at
three similarity thresholds (99%, 99.5% and 99.9%) was also performed. All brain sequences
clustered exclusive of any non-brain sequences at all thresholds; however frontal lobe sequences
clustered independently of occipital and parietal lobes. Translated sequences revealed potentially
functional differences between brain and non-brain sequences in the location of putative N-linked
glycosylation sites (N-sites), V1 length, V3 charge and the number of V4 N-sites. All brain
sequences were predicted to use the CCR5 co-receptor, while most non-brain sequences were
predicted to use CXCR4 co-receptor. Tropism results were confirmed by /n vitro infection assays.
The study is the first to use a SMRT sequencing approach to study HIV compartmentalization in
tissues and supports other reports of limited trafficking between brain and non-brain sequences
during cART. Due to the long sequence length, we could observe changes along the entire
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envelope gene, likely caused by differential selective pressure in the brain, that may contribute to
neurological disease.
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INTRODUCTION

Before the advent of combined antiretroviral therapy (CART), HIV-infected subjects
frequently suffered from severe HIV-associated dementia (HAD). After CART was
introduced in the mid-1990s, the incidence of HAD dramatically decreased; however, milder
forms of HIV-associated neurocognitive disorders (HAND) became prevalent. HAND
includes a spectrum of symptoms from asymptomatic neurocognitive impairment, to minor
neurocognitive disorder, as well as HAD (Antinori ef al., 2007; Clifford, 2017; Liner et al.,
2010; McArthur et al., 2010). HIV-1 infects the brain early after infection (Davis et al.,
1992); however, viral DNA is difficult to detect in the brain during the asymptomatic phase
(Bell et al., 1993; Donaldson et al., 1994; McCrossan et al., 2006) and it is unclear how HIV
in the brain responds to therapy. HAND may result from the replication or reactivation of
HIV already present in brain tissue or from newly introduced virus brought in by HIV
infected monocytes/macrophages (Buckner et al., 2011; Burdo et a/., 2010; Gartner, 2000;
Liu et al., 2000; Nottet and Gendelman, 1995) or by T-cells (Schnell et a/.,, 2011) migrating
across the blood brain barrier.

HIV-1 sequences in brain are usually highly compartmentalized from those outside the CNS,
including immune tissue (Burkala ef al., 2005; Caragounis et a/., 2008; Chang et al., 1998;
Chen et al., 2000; Gatanaga et al., 1999; Gonzalez-Perez et al.,, 2012; Haggerty and
Stevenson, 1991; Hughes et al., 1997; Korber et al., 1994; Lamers et al., 2011; Ohagen et al.,
2003; Pillai et al., 2006; Ritola et al.,, 2005; Salemi et al., 2005; Shapshak et al., 1999; Smit
et al., 2004; Strain et al., 2005; van’t Wout et al., 1998; Wong et al., 1997). This
compartmentalization is consistent with the evolution of a brain-specific viral population. In
the brain, HIV is mainly detected in the predominant CD4+ immune cells found in that
tissue, perivascular macrophages and microglia (Cosenza et al., 2002; Fischer-Smith et al.,
2004; Fischer-Smith ef al., 2001; Glass et al., 1995; Gonzalez-Scarano and Martin-Garcia,
2005; Lane et al., 1996; Takahashi et al., 1996; Williams et a/., 2001). This HIV population
consists of highly macrophage-tropic viruses, which utilize the CCR5 co-receptor for viral
entry (Dunfee et al., 2009; Gonzalez-Perez et al., 2012; Peters et al., 2004; Peters et al.,
2006; Thomas et al., 2007) and has evolved to exploit the low levels of CD4 on myeloid
lineage cells for infection (Gonzalez-Perez et al., 2012; Peters et al., 2004; Peters et al.,
2006; Thomas et al., 2007). In contrast, the vast majority of HIV sequences amplified from
blood or immune tissue of most subjects also utilize CCRS, but are typically T-cell tropic
and do not efficiently infect macrophages (Gonzalez-Perez et al., 2012; Gonzalez-Perez et
al., 2017; Peters et al., 2004; Peters et al., 2006; Schnell et al., 2011).
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Single genome analysis (SGA) represents the principal approach used so far to investigate
HIV envelope (env) because it reduces the chance of experimentally re-sampling the same
specific HIV sequences amplified during PCR, as well as eliminating PCR-mediated
recombination (Keele et al,, 2008; Nolan et al., 2017; Simmonds et a/., 1990). However,
although SGA provides an opportunity to investigate env variability, it is restrictive because
only a small number of variants are feasibly generated from each sample. Next generation
sequencing (NGS) approaches, such as lllumina, can be used to investigate large numbers of
sequences generated from a single sample; however, this approach is problematic with HIV
because millions of short sequences are generated, which subsequently require assembly, a
near impossible feat with HIV envdue to its high sequence variability combined with the
error rate of NGS. A newer technology, Single Molecule, Real-Time (SMRT) DNA
sequencing generates a much longer read-length and can produce thousands of high-quality
consensus sequences through repeated sequencing of circularized templates (Travers et al.,
2010). These SMRT data also come with post-processing difficulties, such as insertions,
deletions, reamplification, and sequence errors; however, these hurdles can be overcome
using appropriate data filtering approaches (Laird Smith et a/., 2016).

In this study, we used SMRT, SGA and /n vitro co-receptor and macrophage assays to assess
the selective effects of different anatomical tissue sites on the variation of HIV env proviral
sequences for a cCART+ HIV+ subject who died from AIDS. Tissues examined included
three brain (frontal, occipital and parietal lobes), immune (lymph node), lung and colon
tissues as well as blood cells. The study enabled the investigation of tens of thousands of
full-length env sequences amplified from different tissues. To our knowledge, this is the first
study to apply the SMRT approach to anatomical tissue-based HIV. This study provides
novel and in-depth insights into (1) the comparative variation of env sequences in brain and
lymphoid tissues, (2) compartmentalization of HIV variants inside and outside of brain
tissue and (3) the receptor and tropism properties of Envs obtained from different sites.

MATERIALS AND METHODS

Subject and tissues

Post-mortem tissues from subject 123, a 43-year-old Caucasian male, were provided by the
National Disease Research Interchange (NDRI), without patient identifying information.
The University of Massachusetts Medical School IRB considered that this research was not
human subjects research as defined by DHHS and FDA regulations (IRB 1D: H00014098).
Subject 123 was on drug therapy (Tenofovir, Ritonavir, Abacavir, Tipranavir, Raltegravir,
Etravirine) and had a well-controlled plasma viral load (<75 copies/ml3) at the last test, 7
months before death. The cause of death was cardio-pulmonary arrest and was diagnosed
with HAD. Post-mortem plasma and serum samples were found to have undetectable viral
copy number by the Infectious Disease Laboratory at the Children’s Hospital of Chicago
using Abbott RealTime HIV-1 RNA PCR. Tissues collected at autopsy included frontal lobe,
occipital lobe, parietal lobe, lymph node, lung, colon and blood cells.
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DNA isolation

Genomic DNA was harvested from tissues (25 mg of tissue per preparation) and cells
pelleted from approximately 1 ml of plasma using the QlAamp DNA Mini Kit (QIAGEN) as
described by the manufacturer’s protocol. DNA was eluted in 300 pl nuclease free, PCR
grade water and stored at —80°C.

PCR of env from tissue DNA, library preparation and SMRT runs

Full length envswere amplified for SMRT NGS. A nested PCR approach was used to
amplify a 2.6kb product from tissue DNA. Outer primers RevenvA (bp 5853-5877 relative
to HXB2; TAG AGC CCT GGA AGC ATC CAG GAA G) and EnvN (bp 9171-9145; CTG
CCA ATC AGG GAA GTA GCC TTG TGT) and inner primers PacBioF-long (bp 6207—
6234; GAG CAG AAG ACA GTG GCA ATG AGA GTG A) and PacBioR-long (bp 8815-
8788; TTG ACC ACT TGC CAC CCA TCT TAT AGC A) were used. The PCR protocol
was as follows; 95°C for 1 min, then 12 cycles of 95°C for 30s, 68°C for 3 mins, 70°C for
10 min. A second PCR round of 35 cycles was then undertaken using the same conditions.
The Advantage 2 PCR Kit (Clontech Inc.) was used as described in the manufacturer’s
protocol for 50 pl reactions. PCR products were electrophoresed on a 2% E-Gel EX Agarose
Gel (ThermoFisher Scientific Inc.), bands excised and subsequently purified with a
QIAquick Gel Extraction Kit (QIAGEN). PCR products were eluted in 50 ul nuclease free,
PCR grade water. Samples were sent to the Deep Sequencing Core Labs at the University of
Massachusetts Medical School for sequencing using the PacBio RS Il instrument. One
SMRT Cell was utilized for each tissue with 6-hour collection times.

SMRT sequence processing

SMRT raw reads for each tissue were quality filtered at 99% quality (using SMRT Pipeline)
to remove low-quality sequences. The quality filtered reads were further selected to include
only circular consensus sequences >2000 base pairs with at least 10 complete passes using
PacBioSmartPipe tools (v.2.3.0). For each tissue-specific data file, reads were assembled to a
single end-point dilution tissue-specific reference sequence using BLASR (v.2.3.0). This
alignment was gap stripped to remove spurious inserts to retain columns with 295%
coverage using Geneious software version 9.0 (http://www.geneious.com/). Short sequences
(<2000bp) were removed from the alignment. The final alignment contained 52,725 reads
and was designated as “Aligned” (Table 1). As a large number of single nucleotide deletions
remained in the resulting assembly, different filtering methods for gap-handling were used
for phylogenetic analysis and for the analysis of translated data as described below.

Generation of High Quality Consensus Reads (HQCRSs) for phylogenetic and clustering

analysis
The generation of HQCRs corrects for sequencing errors that may have resulted due to the
SMRT sequencing technology, and especially template reamplification. For the generation of
HQCRs, we generally followed the methods described in Laird Smith et a/ (Laird Smith et
al., 2016). First, ambiguous and difficult to align regions incorporating the V1 and V4
hypervariable domains were removed because phylogenetic analysis assumes homology at
each position. Next, an alignment of £nvreads for each subject data set was generated in
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MAFFT (Katoh and Standley, 2013) and manually optimized using AliView (1.17.1).
USEARCH v10.0.24 was used to generate HQCSs on each tissue data set and to filter out
duplicate reads. Non-identical reads were subsequently combined into USEARCH clusters
at 99% genetic identity. Each cluster was then assigned a centroid and consensus sequence
(50% majority rule). The number of centroid sequences in each tissue/patient is noted in
Table 1 as “HQCS”. We then combined the HQCS variants from each tissue back into a
single alignment for the subject (n=11,773). To further reduce the data set for phylogenetic
studies, we condensed the HQCS and only included variants that represented >10 sequences
from the original alignment (HQCS10, Table 1).

Phylogenetic analysis

Clustering

Both the HQCS and the HQCS10 alignments were used for phylogenetic analysis (Figure 1).
Trees from the HQCS variant alignments were generated using the Fast-Tree maximum-
likelihood approach with the Generalized Time Reversible (GTR) model in Geneious v9.0.
Trees from the HQCS10 alignments were inferred using PhyMLv3.0 with bootstrap support.

Distance-based clustering groups related sequences based on genetic similarity and (in some
cases) phylogenetic branch support. Here we used HIV-TRACE (Wertheim et al., 2014),
which relies only on genetic distance, because it detects larger and fewer clusters and it can
cluster large sequence files in a reasonable time period (Rose et al., 2017). For this analysis,
we used the HQCS for each tissue, for a total of n=11,772 sequences (Table 1). Pairwise
distances for each HQCS variant alignment were generated using the tn93 model. Clustering
was performed at three difference thresholds: 99%, 99.5%, and 99.9% similarity. Tableau
(v10) was used to visualize the cluster data.

Translated sequence alignments

Amino acid variation within functional envelope variable domains (position of putative N-
linked glycosylation sites (N-sites), length, number of putative N-Sites, co-receptor
prediction and charge) for each tissue were calculated for all sequences for which all five
full-length variable regions were available (Table 1). For this analysis, we started with the
“Aligned” data. Next, the alignment was reduced to include only the variable domains.
These sequences were translated using GeneCutter (www.lanl.gov) and any sequences that
contained stop codons or deletions were removed. The final alignment contained 27,100
sequences. Co-receptor usage for the V3 was predicted using WebPSSM x4r5 algorithm
(Jensen et al., 2006). The positions and number of predicted N-linked glycosylation sites
(according to HXB2 numbering) were calculated with the N-Glycosite tool at the HIV
Database at Los Alamos (hiv.lanl.gov). Variable region length, was calculated using the
Variable Region Characteristics tool at the HIV Database at Los Alamos (hiv.lanl.gov).
Results were viewed in Tableau (v10).

Nested PCR endpoint cloning of env genes for SGA-Sanger investigation

Full length env genes were amplified by nested PCR using the endpoint dilution approach
from proviral DNA from frontal lobe, occipital lobe, parietal lobe, colon, lung, lymph node
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and blood cells. Nested PCRs were performed using limiting dilution amplification of HIV-1
proviral DNA. For the first PCR, outer primers RevenvA and EnvN were used (described
above). Inner primers RevenvB_TOPO (bp 5954-5984; CAC CTA GGC ATC TCC TAT
GGC AGG AAG AAG) and Env-lo (bp 9096-9063; GTT TCT TCC AGT CCCCCC TTT
TCT TTT AAA AAG) were then used for the second round PCR. Conditions for both
rounds of PCR were as follows: 98°C for 30s, then 40 cycles of 98°C for 10s, 70°C for 30s,
72°1.5 min, followed by 72° for 7 min. The Phusion High-Fidelity DNA Polymerase Kit
(New England BioLabs) was used according to the manufacturer’s protocol. DNA was
serially diluted to determine the concentration at which less than 30% of the reactions were
positive. At this concentration, there is a >80% chance of PCR products being derived from
single genomes so that the generation of PCR generated recombinants during the
amplification can be avoided (Salazar-Gonzalez et al., 2008).

Cloning of SGA PCR products

The PCRs were run out on a 1.0% agarose gel with 0.8% crystal violet in 1XTAE buffer to
determine which dilutions resulted in fewer than 30% of the reactions as positive. DNA was
purified using the QIAquick Gel Extraction Kit (QIAGEN). Eluted PCR products were
ligated into pcDNA 3.1D/V5-His-TOPO using TA Expression Kit (Invitrogen) and
transformed into TOP10 cells (Invitrogen Inc.). Each positive clone was sequenced in both
directions (Genewiz Inc.).

Pseudovirus production

Pseudoviruses were constructed using emn+ pcDNA 3.1D/V5-His-TOPO plasmids, carrying
patient derived envgenes, and an env- pNL4.3Aenv plasmid, an HIV-1 clone with a
premature stop codon in the envgene as described previously (Gonzalez-Perez et al., 2012;
Peters et al., 2004).

Env functionality studies

HelLa TZM-bl were used to determine Env functionality using Env+ pseudoviruses. For each
infectivity assay, cells were diluted to 4.0 x 10% cells/ml and 500 pl/well were added to 48-
well plates the day prior to infection. Mac-tropic R5 B33 and JRFL, and non-mac-tropic R5
JRCSF Env+ pseudoviruses were used as controls. Cells were infected by removing media
and adding 100 pl of pseudovirus dilution. Plates were incubated for 3 hours at 37°C and
then 400 pl of media were added to each well before incubating at 37°C for 48 hours. HeLa
TZM-Dbl cells carry a p-galactosidase reporter gene for HIV infection. They were fixed with
0.5% glutaraldehyde in phosphate-buffered saline (PBS) rinsing twice in 1 x PBS and
stained by adding 500 pl X-gal substrate (0.5 mg/ml 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside, 3 mM potassium ferrycyanide, 3 mM potassium ferrocyanide, 1 mM
magnesium chloride). Plates were incubated at room temperature overnight and stained cells
counted to determine the focus forming units (FFU)/ml of each pseudovirus stock.

To evaluate macrophage infection, macrophages were prepared from blood monocytes as
described previously (Gonzalez-Perez et al., 2012; Peters et al., 2004). 500 ul of
macrophages at 2.5 x 10° cells/ml were plated in 48-well plates the day prior to infection.
On the day of infection, media was removed from cells and 100 pl of 10 ug/ml DEAE
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dextran were added to each well and plates were incubated at 37°C for 30 minutes.
Following incubation, 100 ul of serially diluted pseudovirus stocks, described above, were
added to each well. B33 and JRFL Env+ pseudoviruses were used as mac-tropic controls and
JRCSF, as a non-mac-tropic control. Macrophages were spinoculated for 45 minutes at 1200
rpm in a benchtop centrifuge, incubated for 3 hours at 37°C, and then 300 pl media were
added to each well. Plates were incubated for one week, adding additional media as needed.
Macrophages were fixed in cold 1:1 methanol:acetone, washed, and immunostained for p24
using monoclonal antibodies 365 and 366 (NIBSC Centre for AIDS Reagents). Stained,
infected cells were counted using phase contrast microscopy

NP2/CD4/CCR5 and NP2/CD4/CXCRA4 cells (Soda et al., 1999) were used to test co-
receptor specificity of Envs using Env+ pseudoviruses carrying a GFP reporter gene. These
Env+ pseudoviruses were prepared by cotransfection of 293T cells with an Env+ vector, env
- minus pNL4.3 and a GFP reporter vector, pHIVec2/GFP (Hofmann et al.,, 1999) at a ratio
of 1:1:1.5. The cell supernatants containing Env+ pseudovirions were harvested 48 h post-
transfection. NP2/CD4/CCR5 and NP2/CD4/CXCR4 cells were plated the day before use in
a 48-well tray at 3 x 10% cells/ml in 500 pl of growth medium. Infected cells were estimated
by GFP expression using fluorescent microscopy two days post-infection.

Phylogenetic analysis

First, a phylogenetic tree was inferred using the HQCS variants, including the SGA-Sanger
env sequences that were amplified from serially diluted DNA prepared from each tissue
(Figure 1a). However, since the vast majority of HQCS sequences represented <10 clones,
for computational reduction and clarity of the tree, we used a “reduced” dataset that included
only HQCS representing >=10 aligned reads (HQCS10 Table 1, Figure 1b). Both trees
clearly show that brain-derived viruses were compartmentalized from virus in tissues outside
the brain with high branch support. The longest internal branch length in the tree lead to the
brain variants, indicating the greatest divergence. Furthermore, the variants from each of the
three brain tissues also grouped exclusively. Variants from all peripheral tissues were
dispersed on the tree, exclusive of the brain sequence clades. This pattern largely held in
both trees, although in the HQCS tree, the occipital reads were descendant from the parietal
clade. Lymph node, blood, lung and colon sequences were interspersed among the sequences
from these tissues. Importantly, the sequences of the SGA-Sanger, brain-derived clones
segregated with SMRT sequences from each of the same brain tissues, demonstrating that
the SGA clones are genuinely representative of envs from each tissue for this subject. Note
that due to the size of the dataset, the low number of colon sequences are obscured in the full
tree (Figure 1a).

Prediction of env co-receptor use

Co-receptor usage for each envbased on the V3 loop amino acid sequence was predicted
using WebPSSM x4r5 algorithm (Jensen et al., 2006). All envs derived from brain tissue
were predicted to be R5, while the vast majority of envsfrom outside brain were classified
as X4 (Figure 1c). However, a segregated group of R5 envswere present in the colon (27%
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of all colon sequences, although note the low number of reads), while a small number of R5
envs present in colon, lung and lymph node formed a group close to the branch leading to
envs present in brain tissue. This is most clearly seen in the HQCS10 tree (Figure 1d), since
the majority X4 reads in the full tree obscure these branches.

Distance-based clustering

The composition of the clusters at different clustering thresholds assist in understanding the
genetic relatedness of many sequences (>10,000) from different tissues that can be difficult
to interpret in a phylogenetic format. As one would expect, fewer HQCS sequences were in
clusters as the specified thresholds of 99%, 99.5%, and 99.9% similarity score was increased
(Figure 2a—d). We report the following results based on the number of non-identical reads
that each HQCS represented. At the 99% threshold, 18 clusters were found, of which 7 had
>100 sequences. The largest cluster contained all of the occipital and parietal sequences. The
second largest cluster contained sequences from all four peripheral tissues: lymph node/
lung/colon/blood cells. The third largest contained only frontal lobe sequences. Lung
sequences comprised the other clusters with >100 variants, with one containing blood
sequences. At the 99.5% threshold, 73 clusters were found, of which 15 contained >100
reads. The largest three clusters resembled those at the 99% level. A small number (n=293)
occipital sequences were in their own cluster. The rest of the clusters contained either lymph
or lung exclusively, except for one which contained both lung and colon sequences. At the
99.9% threshold, 213 clusters were detected, of which 29 contained >100 reads. The largest
two clusters were now comprised of exclusively either parietal or occipital lobe sequences.
Frontal lobe sequences comprised two clusters, again exclusive of other peripheral
sequences. Only 2 of the 29 clusters contained sequences from multiple peripheral tissues.
While sequences from brain and periphery were highly segregated from each other,
sequences from different brain compartments were also segregated, although less so between
the occipital and parietal lobes. Sequences from the non-brain tissues still showed some
degree of segregation, although far less so than in the brain.

Amino acid characteristics of variable domains

A total of 27,100 reads translated into amino acids and were analyzed for amino acid
variation (Table 1). We investigated the position of N-Sites along Env (Figure 3). In the V1
domain, most sequences contained 4-5 putative N-Sites within HXB2 coordinates 130-190;
however, the position of these varied among the different non-brain tissues, whereas all
positions were identical among the three brain tissues, suggesting a selective process or
founder effect for V1 glycosylation in brain. Outside of V1, the positions of the N-Sites
were similar with few exceptions: at HXB2 coordinate 362, lymph lode envs shared this site
in most sequences with occipital and parietal lobes, although it was absent in other tissues;
at HXB2 coordinate 448, nearly all brain sequences contained a site that was absent in all
non-brain tissues, at position 461, the colon was missing a glycosylation motif that was
present in nearly all other sequences; and at position 816 a glycosylation motif occurred in
100% of the frontal lobe sequences that was absent in all other tissues. In terms of the
number of glycosylation motifs and the length of the variable regions, overall there were few
differences between the brain and peripheral tissues (Figure 4). The majority of brain
sequences had fewer glycosylation sites in V4 domain (sites=4) than the majority of non-

J Neurovirol. Author manuscript; available in PMC 2020 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brese et al.

Page 9

brain sequences (sites=5). The majority of brain sequences also had longer V1 domain
sequences (length=31) than non-brain (length=26).

The pie charts (Figure 4) demonstrated some interesting patterns between variable domains.
For example, we were interested in whether minority variants in either the number of N-
Sites or the length correlated across variable regions. To test this hypothesis, we used a chi-
squared test to determine significance in cases where at least 4 pies contained unique
combinations within a single tissue and occurred in at least 10 sequences (Table 2). There
was significant correlation of minority variants in the number of glycosylation sites in lung
(wherein V2 minor variants were associated with V4 minor variants) and frontal lobe
(wherein V1 minor variants were associated with V4 minor variants). Interestingly, while the
number of minor variants in parietal lobe glycosylation sites in V1 and V2 were nearly
identical, the minority variants were not significantly associated with each other; i.e. the
majority variant for V1 segregated with the minority variant for V2, and vice versa. A
similar pattern was observed in the colon for length, where in two cases, the minority variant
in one region was only found with a majority variant of the other (V2:V4, and VV4:V5). This
suggests that particular combinations of variable regions may be functionally selected.

Functionality and tropism of SGA-Sanger Envs expressed on pseudovirions

Similar to SMRT sequences, all cloned envs from brain tissues were predicted CCR5-tropic,
while all of the envs derived from tissues outside brain were CXCR4-tropic. Env+
pseudoviruses were prepared to confirm CXCR4-use, and to investigate macrophage-
tropism. We first tested whether Envs were functional by evaluating whether they conferred
efficient infection of HeLa TZM-bl cells (Figure 5). Overall, 24 Envs yielded Env+
pseudoviruses that conferred infectivity titers of >103 FFU/ml on HeLa TZM-bl cells and
were considered sufficiently functional for further study (Table 3, Suppl. Table 1).
Pseudoviruses carrying functional Envs were then tested for macrophage infection using
cells prepared from at least two different donors. Pseudoviruses carrying Envs derived from
the brain tissues conferred mainly high levels of infectivity for macrophages (Figure 5). In
contrast, pseudoviruses carrying Envs from lymph node, colon or lung mediated modest
infection of macrophages at best but were mostly non-mac-tropic.

We next sought to confirm the use of CXCR4 for infection for the peripheral-tissue derived
Envs identified as X4 by using WebPSSM. Our results showed most Envs identified as X4
by PSSM infected both CCR5+ and CXCR4+ cells, indicating that they were actually R5X4
(Figure 6). Curiously, three Envs (two from lung, one from colon) conferred modest titers on
NP2/CD4/CCRS5 cells but only background infectivity on NP2/CD4/CXCR4. These Envs
were therefore R5 despite scoring as X4 by WebPSSM (Figure 6). For controls, we tested
the occipital lobe-derived Env (19-34-2) from this subject as well as R5 B33, JRFL and
JRCSF Envs. These Envs only infected CCR5+ NP2/CD4 cells, as expected. Control
CXCR4-using NL4.3 mediated high levels of infection via CXCR4 as well as low infection
via CCR5. R5X4 89.6 conferred high infection for both CCR5 and CXCR4-expressing
NP2/CD4 cells. Together, these data confirm the predominance of CXCR4-using Envs
outside brain.
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DISCUSSION

Various selection pressures in different tissues and environments influence the properties and
characteristics of HIV-1 Env glycoproteins. Previously, we and others, reported that HIV-1
R5 Envs from brain tissue of subjects with neuroAIDS were highly mac-tropic (Dunfee et
al., 2009; Gonzalez-Perez et al., 2012; Peters et al., 2004; Peters et al., 2006; Thomas et al.,
2007), while R5 Envs from outside brain were generally not (Gonzalez-Perez et al., 2012,
Gonzalez-Perez et al., 2017; Peters et al., 2004; Peters et al., 2006; Schnell et al., 2011). In
addition, we reported that highly macrophage-tropic R5 virus from brain tissue carried
gp120s with a lower positive charge compared to those in immune tissue (Gonzalez-Perez et
al., 2012). Others have reported that CCR5-using Envs with shorter variable loops or fewer
N-linked glycosylation sites are preferentially transmitted (Chohan et a/., 2005; Derdeyn et
al., 2004; Derdeyn and Hunter, 2008; Gnanakaran et al., 2011; Gray et al., 2007; Li et al.,
2006; Liu et al.,, 2008; Sagar et al., 2009; Wu et al., 2006; Zhang et al., 2010). These
differences in Env characteristics may result from varying selection pressures exerted in
different tissues during viral replication and transmission, as well as reduced immune
pressures in the immune privileged environment of the brain.

In this study, a SMRT sequencing approach generated tens of thousands of full-length env
sequences from a multisite autopsy of an HIV+ person who was cART suppressed at least
seven months prior to death. The handling of the large number of SMRT sequences largely
followed a previous study (Laird Smith et a/., 2016), which filtered data based on quality,
alignment, and % identity to ultimately reduce millions of reads to a high-quality data set for
subsequent analysis. While some resampling can occur using this approach, the important
characteristic of the technology is that it can potentially identify all the diversity in each
tissue. SMRT uses a circular consensus sequencing approach, whereby the same gene region
is repeatedly sequenced. While the error rate for a single pass is quite high (>10%), the
consensus of 10 or more passes removes most of the spurious base-calls (Korlach, 2017).
Furthermore, there is no bias as to where errors occur, and indels are the major type of error
in single-pass reads (Weirather et al., 2017), Therefore, removing indels and taking the
consensus sequence can bring down error rates to as low as 0.001% (Ferrarini et al., 2013).
Here, we further increased the robustness of the approach by using HQCS sequences, which
are grouped at 99% identity, thus eliminating the vast majority of sequencing errors. A major
advantage of SMRT is the long reads, which allows for accurate analysis of highly variable
regions in HIV (Huang et a/., 2016). Other platforms, e.g. lllumina, produce very short
(<300bp) reads, which must then be assembled into contigs. However, the high variation
substantially increases the uncertainty in the reconstruction, and therefore linkage within
long stretches cannot be known with confidence (McElroy et a/., 2014). Since accurate
reconstruction is critical for phylogenetics, we opted to use the SMRT approach, permitting
an in-depth computational genetic analysis that confirmed brain compartmentalization at
several levels, including phylogeny, clustering, tropism, preservation or selection for
glycosylation and length in hypervariable ernvdomains. SGA env sequences were
incorporated into phylogenetic analyses to confirm the reliability of SMRT sequences. SGA
sequences were also used in /n vitro functional tropism assays in order to validate
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computational tropism predictions showing that brain-derived virus utilized CCR5 and non-
brain virus mainly utilized CXCR4 (with the majority R5X4 or dual tropic) for viral entry.

Compartmentalization of HIV in brain tissue has been reported for most (but not all)
subjects with neuro-disease (Burkala et a/., 2005; Caragounis et al., 2008; Chang et al.,
1998; Chen et al., 2000; Gatanaga et al., 1999; Gonzalez-Perez et al,, 2012; Haggerty and
Stevenson, 1991; Hughes et al., 1997; Korber et al., 1994; Lamers et al., 2011; Ohagen et al.,
2003; Pillai et al., 2006; Ritola et al., 2005; Salemi et al., 2005; Shapshak et al., 1999; Smit
et al., 2004; Strain et al., 2005; van’t Wout et al., 1998; Wong et al., 1997). In contrast to the
compartmentalization between envs present in brain and in non-brain tissues, the lack of
clear compartmentalization of envsequences observed between lymph node, lung and colon
is consistent with the traffic of virions or infected cells between these tissues. In our study,
relatedness among env sequences was first assessed using phylogenetic and clustering
approaches. HIV compartmentalization within the brain and among brain tissues was
undoubtedly seen in the tree containing all HQCS; however, with so much data in a single
figure, it remained difficult to view the degree of variation within brain sequences or the
location of SGA clones used as controls (Figure 1a). Once the data was reduced to HQCS10
sequences, the subtle variation in the brain sequence populations was clear, confirming that
SMRT did not simply re-amplify thousands of sequences that were derived from a single or
very few proviruses, but likely reflects the true diversity in the tissue (Figure 1b).
Conversely, much more variation was observed in non-brain sequences, which supports that
the SMRT sequencing approach could efficiently capture the sequence population in each
tissue sample. When the HQCS were clustered using HIV-TRACE, another interesting
phenomenon was observed, that is, despite frontal lobe sequences significantly branching
with parietal and occipital sequences, they remained somewhat unique. And, in fact,
exclusive features of frontal lobe sequences were observed in the location of glycosylation
sites. For example, exclusive of sequences from occipital and parietal lobe, frontal lobe
sequences were lacking an N-Site at position 362 and had an additional N-site at position
816; the two differences occurred in envconserved domains. Brain HIV
compartmentalization has been observed in other studies; however, these analyses typically
incorporate much smaller data sets. Here we showed that SMRT deep sequencing enabled
the observation of complete compartmentalization of brain HIV, and even
compartmentalization between different brain locations. Remarkably, CXCR4-using variants
(which form the majority of variants outside the brain) were completely excluded from brain
tissue.

The non-brain sequences from our subject were, for the most part, mixed in the phylogenetic
tree. A small subset of env sequences from colon, lung and lymph node were the most
intermediate to brain HIV populations, suggesting that there may be some adaptive qualities
in sequences from these tissues that are shared with brain, such as the evolution an enhanced
Env affinity for CD4 or other adaptations that predispose HIV for infection of macrophages.
This study highlights the need for therapy that targets tissue-based HIV.

Env glycosylation plays a vital role in viral evasion from the host immune response by
masking key neutralization epitopes (Pikora, 2004). In V1, all putative N-sites were
conserved in brain but differed from non-brain sequences. A similar pattern was observed in
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V4; however, the overall brain N-site pattern in V4 matched those from lung sequences. In
general, the number of N-sites across Env were stable in brain tissues; however, very small
populations of virus with different number of N-sites occurred in frontal lobe V1 and V4 and
parietal lobe V1 and V2 domains. We assessed the possibility of co-evolution occurring
between variable domains and observed that minor variants from the frontal lobe coevolved
but the opposite was true for parietal lobe (Table 2). Interestingly, there was almost no N-site
variation in either the location or number in all 9906 occipital-derived sequences, suggesting
a fully adjusted population of brain sequences or reduced HIV replication. Overall, brain N-
site patterns, in both number and locations, were much more conserved than lymphoid-
derived tissues, where every tissue had a minor variant population in at least one variable
domain. This again suggests that sequence adaptation in brain is non-random, associated
with functional Env elements and likely dependent on structural, biochemical and immune
characteristics of brain tissue.

Length variation was completely conserved in brain variable domains V1-V4, whereas a
moderate amount of length variation was observed in all non-brain variable domains,
especially in lung and colon sequences. Blood sequences were the most conserved in terms
of length and N-sites, with N-site variation only observed in V1 and no length variation
occurring in any variable domain. Since the patient was virally suppressed until at least 7
months pre-mortem, we may have observed only relatively newer populations of HIV from
blood reservoirs (i.e. circulating resting T-cells), whereas in tissues, we may have observed
recently integrated HIV combined with residual historical virus that was never fully cleared
by cART. The finding emphasizes that HIV variation in blood does not necessarily reflect
persistent HIV in tissues.

One of the most striking observations in this study was that using WebPSSM to investigate
all SMRT sequences revealed that R5 HIV was ubiquitous in brain, whereas nearly all non-
brain HIV were CXCR4-using. Because sequence based co-receptor determinations can over
estimate CXCR4-using variants (Mulinge et al., 2013; Tsai et al., 2015), we also performed
in vitro tropism assays on select SGA tissue envs. We noted that several Envs classified as
CXCR4 by PSSM failed to confer infection via CXCR4 even though modest infection via
CCRS5 was observed. While CXCR4-using variants were widespread in tissues outside the
brain, /n vitro assays identified these as dual tropic isolates (R5X4), so therefore these could
exploit CCR5 (the predominant co-receptor on macrophages) in addition to CXCR4. The
complete exclusion of the CXCR4-using variants from brain tissue for this subject is a
significant observation. Although CXCR4-using HIV-1 variants are infrequently detected in
brain tissue, their presence there has been reported. For example, Gorry et al. reported the
presence of mac-tropic R5X4 variants in a HAD subject (Gorry et al., 2001; Mefford et al.,
2008), while Yi et al. described a mac-tropic variant from CNS that exclusively used
CXCR4 to infect macrophages (Yi et al., 2003). The CXCR4-using Envs described here did
not confer macrophage infection. However, this is usual for Envs (including R5 Envs)
derived from HIV outside brain tissue (Gonzalez-Perez et al., 2012; Gonzalez-Perez et al.,
2017; Peters et al., 2006; Sturdevant et a/., 2015). The selective pressures that lead to the
preferential exclusion of CXCR4-using variants (over R5) from brain tissue are not known.
It is of course possible that CXCR4-using Envs present at a low frequency in the tissues
were not picked up in this experiment. However, we saw the same pattern in three different
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tissues, which lends robustness to our observation. Furthermore, variants present at below-
detection frequencies are unlikely to have an impact on the population as a whole in the
absence of an introduction of a new selective pressure (e.g. a new drug regimen which could
select for drug-resistant variants).

SMRT sequencing detected some R5 envsin the colon of this subject. These R5 variants
formed a cluster more closely related to CXCR4-using variants compared to R5 envsin the
brain and may be derived from precursor R5 populations that seeded the generation of
CXCRA4-using variants. However, a subset of CXCR4-using variants in colon were more
closely related to envsin brain and this is consistent with the emergence of that CXCR4-
using variants in multiple different lineages (Archer et al., 2010; Poon et al., 2012; Rozera et
al., 2012; Sede et al., 2014; Zhou et al., 2016).

The environmental pressures /n vivo that select for macrophage-tropic R5 variants in brain
tissue and non-macrophage-tropic variants in the periphery have not been clearly defined.
The observed compartmentalization and genomic conservation of HIV-1 in brain tissue are
likely due to adaptive mechanisms for replication in macrophage lineage cells (Fischer-
Smith et al., 2004; Fischer-Smith et a/., 2001; Glass et al., 1995; Gonzalez-Scarano and
Martin-Garcia, 2005; Lane et al., 1996; Takahashi et a/., 1996; Williams et a/., 2001) and
microglia (Cosenza et al., 2002; Fischer-Smith et al., 2004; Fischer-Smith et a/., 2001),
which represent the main reservoirs of HIV in brain tissue. The main genetic modification in
brain appears to be an increased Env:CD4 affinity that allows mac-tropic variants to use low
levels of CD4 in macrophages to gain entry (Dunfee et a/., 2006; O’Connell et al., 2013;
Peters et al., 2008) and their enhanced sensitivity to sCD4 inhibition (O’Connell et al., 2013;
Peters et al., 2008). Here, we may have observed these modifications as specific location of
N-sites and constraints on length of variable domains; however, further testing of other brain
tissues would assist in confirming this result. The enhanced Env:CD4 interaction can result
from amino acid substitutions within (Dunfee et a/., 2006) or outside (Duenas-Decamp et al.,
2008; Duenas-Decamp et al., 2009; Dunfee et al., 2007) the CD4bs and could be due to a
better Env:CD4 contact, increased exposure of the CD4bs on Env and/or more efficient
triggering of the trimer to open and induce fusion and entry. It is likely that low levels of
antibodies present in brain tissue play a role in the evolution of Envs with a more exposed
CD4bs (Beauparlant et al., 2017).

The selective pressures in tissues outside the brain that result in the predominance of non-
mac-tropic Envs are also not clear. These Envs require high levels of CD4 to trigger entry
into cells and are almost certainly restricted to replication in CD4+ T-cells that express
substantially higher levels of CD4 compared to macrophages. It is possible that non-mac-
tropic Envs that carry a protected CD4bs evolved in the presence of neutralizing antibodies.
However, the possibility that such Envs evolve because they carry an advantage for entry and
replication in CD4+ T-cells /in vivo has not yet been ruled out (Beauparlant et al., 2017).

Our findings are based on a single individual with HAD and may not be generalizable to
patients without neuropathogies. To further confirm these results, additional subjects will
need to be studied. However, although resources such as the AIDS/Cancer Specimen
Resource (ACSR) can provide some such datasets, tissue collections such as this one with
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well-documented clinical information and carefully preserved tissue samples are not
common.

In summary, our data show tight compartmentalization of mac-tropism and env sequences in
brain tissues compared to diverse tissues outside the brain. This compartmentalization
included the complete exclusion of CXCR4-using variants from brain tissue. In addition, we
did not observe clear segregation of sequences between the different tissues outside brain.
Together, our data highlight how combined use of SGA-Sanger and SMRT NGS approaches
can be used to provide in depth analyses of HIV-1 envsequences and tropism or other
properties in different tissues of HIV+ subjects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Maximum-likelihood tree using the HQCS (a,c) and HQCSI0 (b) datasets.
Branches are scaled in substitutions/site according to the bar at the bottom of each tree. (a-b)

Branches are colored to indicate the tissue of origin as follows: dark blue=blood;
orange=colon; aqua=lung; green=lymph node; red=frontal lobe; yellow=occipital lobe;
purple=parietal lobe. (b) Molecular clones are indicated with circles. (c) R5 and X4 variants
estimated using WebPSSM x4r5 algorithm. Branches are colored as follows: blue=R5;
red=X4; aqua=undetermined
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Fig. 2. Distance-based clustering for SMRT HQCS at 3 genetic distance thresholds.

(a) Percent of all variants placed in any cluster (red bars, left axis) and the total number of
clusters (blue bars, right axis) at three thresholds (x-axis). (b-d) The number of total Aligned

reads (y-axis) in identified clusters (x-axis) at three thresholds. The tissue of origin is

represented by colors as shown in the legend. Arrows above the bars indicate clusters with

sequences from >1 tissue. For clarity only clusters with >=100 reads are shown

J Neurovirol. Author manuscript; available in PMC 2020 June 09.

Il erooo
7] coLon
W wne

M wmrH

W PARIETAL
I FRONTAL




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brese et al.

Blood

% records

Frontal Lung Lymph Node Colon
% records % records

Occipital

Parietal
% records

% records

% records

% records

Page 23

~ 362

7z

816

150 200 250 300 350 400 450 500 550 600 650 700 750 800
Position in HXB2

Fig. 3. Positions of N-sitesalong the HIV env.
The position in the protein numbered according to HXB2 is on the x-ax/s. The location of

variable domains V1-V5 are shown above the graph. The tissue names are on the y-axis,
with bars indicating the percent records from Table 1 AA sequences that had a glycosylation
site at any position. Sites where there was a dramatic absence or presence of a N-site are
labeled for clarity
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Fig. 4. Variableregion characteristics.
For each of the 7 tissues (on left), the number of glycosylation sites (left), length (middle)

and tropism prediction using WebPSSM (right) are shown as pie charts. The sections of the
pie charts are colored according to the legend for each analysis. The size of the pie slices is
proportional to the number of sequences for each tissue
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SMRT full length env sequences and clustering by USEARCH

Table 1.

Sequences Frontal lobe Occipital lobe Parietallobe LN  Colon Lung Bloodcells Total
Raw 4725 17030 16360 5341 292 10024 7198 60970
Assembled 4704 17026 15899 4959 268 10011 7163 60030
Aligned 4184 15445 14404 4454 249 8369 5620 52725
Unique 4047 13581 14385 4124 249 7410 5516 49312
HQCS 1115 1600 4115 1030 7 769 3137 11772
HQCS10 29 26 37 21 6 27 8 154
AA 2849 9906 7981 2803 249 1512 1800 27100
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Comparisons of segregating glycosylation and length variants between variable regions for each tissue.

Table 2.

Analysis RegionsCompared Blood Colon Frontal Lymph Lung Occipital Parietal
Glyc V1:v2 NA NA No No No NAZ p<0.00001
Glyc V1:vV4 No No p<0.00001 No No NA No
Glyc V2:V4 NA No No No p<0.00001 NA No

Length V1:v4 NA No NA NA NA NA NA
Length V1:V5 NA No NA NA p<0.00001 NA NA
Length V2:V4 NA NAZ NA NA NA NA NA
Length V4:V5 NA NAZ NA NA NA NA NA

Significance assessed at the p=0.01 level. No=p>0.01.

Glyc = number of glycosylation sites.

Page 28

NA= The chi-squared test was not performed because there were cells with value=0 and/or no minority variants occurring in at least 10 sequences.

Due to cells with value=0 the chi-squared test could not be performed; however, the minority variant for each region only segregated with the
majority variant of the other region.
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Table 3.

Env genes cloned from nested end-point PC

Tissue No. of env clones

Frontal lobe 11
Occipital lobe
Parietal lobe
LN

Colon

~N NN R e

Lung
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