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MAJOR ARTICLE

Longitudinal Genetic Characterization Reveals
That Cell Proliferation Maintains a Persistent

HIV Type 1 DNA Pool During Effective HIV
Therapy

Susanne von Stockenstrom,"? Lina Odevall,' Eunok Lee,3* Elizabeth Sinclair,® Peter Bacchetti,® Maudi Killian,’
Lorrie Epling,® Wei Shao,” Rebecca Hoh,® Terence Ho,® Nuno R. Faria,’ Philippe Lemey,’ Jan Albert,"? Peter Hunt,}
Lisa Loeb,® Christopher Pilcher,® Lauren Poole,® Hiroyu Hatano,® Ma Somsouk,’? Daniel Douek,? Eli Boritz,®

Steven G. Deeks,® Frederick M. Hecht*® and Sarah Palmer'3*?

'Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, and “Department of Clinical Microbiology, Karolinska University Hospital,
Stockholm, Sweden; *Westmead Millennium Institute for Medical Research, and *University of Sydney, Westmead, Australia; °Department of Medicine,
and ®Department of Epidemiology and Biostatistics, University of California—San Francisco; Leidos Biomedical Research, INC, Frederick National
Laboratory for Cancer Research, and 8lmmunology Laboratory, Vaccine Research Center, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, Maryland; and gDepartment of Microbiology and Immunology, Rega Institute, KU Leuven—University of Leuven,
Belgium

Background. The stability of the human immunodeficiency virus type 1 (HIV-1) reservoir and the contribution
of cellular proliferation to the maintenance of the reservoir during treatment are uncertain. Therefore, we conducted
a longitudinal analysis of HIV-1 in T-cell subsets in different tissue compartments from subjects receiving effective
antiretroviral therapy (ART).

Methods. Using single-proviral sequencing, we isolated intracellular HIV-1 genomes derived from defined sub-
sets of CD4" T cells from peripheral blood, gut-associated lymphoid tissue and lymph node tissue specimens from 8
subjects with virologic suppression during long-term ART at 2 time points (time points 1 and 2) separated by 7-9
months.

Results. DNA integrant frequencies were stable over time (<4-fold difference) and highest in memory T cells.
Phylogenetic analyses showed that subjects treated during chronic infection contained viral populations with up to
73% identical sequence expansions, only 3 of which were observed in specimens obtained before therapy. At time
points 1 and 2, such clonally expanded populations were found predominantly in effector memory T cells from pe-
ripheral blood and lymph node tissue specimens.

Conclusions. Memory T cells maintained a relatively constant HIV-1 DNA integrant pool that was genetically
stable during long-term effective ART. These integrants appear to be maintained by cellular proliferation and lon-
gevity of infected cells, rather than by ongoing viral replication.
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The mechanism by which human immunodeficiency
virus (HIV) persists during antiretroviral therapy
(ART) is the focus of intense investigation. Although
low-level replication of HIV might contribute to persis-
tence in some individuals [1, 2], the remarkable stability
in viral structure and lack of viral divergence over time
[3] argue that HIV persists largely in a nonreplicating
latent state in its preferred target cells, which include
long-lived memory CD4" T cells and perhaps other
cells. The cells containing integrated HIV type 1
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(HIV-1) genomes are presumably maintained by cellular prolif-
eration [4, 5], but how this affects the size and distribution of the
DNA integrant pool is not known.

To more clearly define the stability of the HIV-1 DNA inte-
grant pool during effective ART and to explore the role of T-cell
proliferation in maintaining this stable pool, we conducted a
longitudinal analysis of HIV-1 in specific T-cell subsets from
peripheral blood, gut-associated lymphoid tissue (GALT), and
lymph node tissue specimens from patients receiving long-
term suppressive therapy. We investigated the stability of the
HIV-1 DNA integrant pool through the analysis of integrant
frequencies over time. We also examined the distribution of
clonal HIV-1 intracellular sequences in the different memory
T-cell subsets to investigate the role of T-cell proliferation as a
cause of persistence.

METHODS

Cohort
Paired peripheral blood and GALT samples from 8 individuals in-
fected with HIV-1 subtype B who were receiving long-term sup-
pressive therapy (duration, 5-13 years) were analyzed at 2 time
points (time point 1 and time point 2, separated by 7-9 months).
These HIV-1-infected individuals are part of the Options Cohort,
an ongoing longitudinal observational cohort at University of
California-San Francisco in which persons are followed beginning
<6 months after HIV acquisition. Samples were collected from 5
subjects who initiated therapy 1-3 months after infection onset
(acute/early infection group; subjects 1-5) and 3 who initiated
therapy >1 year after infection onset (chronic infection group;
subjects 6-8); the therapeutic regimen is available elsewhere [3].
All subjects had undetectable viremia (ie, <40-75 HIV RNA cop-
ies/mL) for at least 3 years after the initiation of therapy. At the
second sample collection time point, CD4" T-cell counts ranged
from 500 to 1500 cells/pL. We recently completed and published
an in-depth phylogenetic study of the HIV-1 DNA genomes de-
rived from the cells collected during the first time point [3]. Here,
we report data on the change in the pool of HIV-1-integrated
memory T cells over time. In addition, we obtained lymph node
tissue specimens from 2 of the subjects (subjects 4 and 8).
Informed consent was obtained from all 8 subjects. The study
was approved by the institutional review boards at University of
California-San Francisco, the Karolinska Institutet, and the
Western Sydney Health Department for the Westmead Millen-

nium Institute.

Single-Proviral Sequencing

To quantify and genetically characterize HIV-1 populations in
the cells isolated from peripheral blood, GALT, and lymph node
tissue specimens, we used the single-proviral sequencing assay
[3, 6]. Cells were sorted using fluorescence-activated cell sorting.
The sorting strategy was slightly modified between the 2 time

points. At the first time point, we sorted 4 cell types: naive T
cells, central and transitional memory T cells, effector memory
T cells, and myeloid cells (details of this sorting strategy are
available elsewhere [3]). At the second time point, we sorted 5
cell types, using more-specific cellular phenotypes, from pe-
ripheral blood specimens: naive T cells, central memory T
cells, transitional memory T cells, effector memory T cells,
and myeloid cells. For GALT specimens, 4 cell types were sort-
ed: naive T cells, central and transitional memory T cells, effec-
tor memory T cells, and myeloid cells. We also sorted 4 T-cell
types from lymph node tissue specimens: naive T cells, central
memory T cells, transitional memory T cells, and effector mem-
ory T cells (subjects 4 and 8). Details about the sorting strategy
for specimens from time point 2 are available in the Supplemen-
tary Materials. The sorted cells are lysed and serially diluted (1:3
to 1:729), and single HIV-1 molecules are amplified by poly-
merase chain reaction (PCR), using primers flanking the gag-
pol region (p6 through nucleotides 1-900 of the gene encoding
reverse transcriptase; 1110 base pairs) and the env region (V1-
V3; 813 base pairs). PCR amplification and sequencing of the
DNA in each well allowed enumeration and analysis of the ge-
netic relationship of viral DNA molecules in each infected cell
type. Intracellular HIV-1 DNA sequences were compared to
plasma-derived HIV-1 RNA sequences obtained by single-
genome sequencing of plasma samples collected before initia-
tion of ART and during therapy at both time points [3, 7-9].
Sequences were submitted to GenBank (ACCN: KP065816-
7089, KP113063-482, KP152533-80, and KP152658-53066).

Statistical Methods

We estimated the HIV-1 DNA integrant frequency in each cell
type by using a maximum likelihood statistical analysis as pre-
viously described [3]. Detailed statistical methods and calcula-
tions are provided in the Supplementary Materials.

Phylogenetic Analyses

Intracellular and extracellular HIV-1 populations were analyzed
using the same methods as in our recent study [3]. Briefly, G-A
hypermutated sequences (identified by the Hypermut tool;
available at: http://www.hiv.lanl.gov) and sequences with stop
codons were excluded. The remaining sequences were used to
construct maximum likelihood phylogenetic trees, using
MEGAS5.1 (available at: http:/www.megasoftware.net/). The
evolutionary divergence and evolutionary rate between the sam-
ple obtained before therapy initiation and the sample obtained
during time point 2 and between the sample obtained at time
point 1 and the sample obtained at time point 2 were estimated
as previously described [3]. Briefly, the correlation of genetic di-
vergence and time was investigated using linear regression anal-
ysis (root-to-tip analysis as implemented in Path-O-Gen
[available at: http://tree.bio.ed.ac.uk/]). A strong correlation in-
dicates that viral evolution has occurred between the 2 sample
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collection time points. To estimate the rate of evolutionary
change, we performed a Bayesian Markov chain Monte Carlo
analysis implemented in BEAST [10].

RESULTS

Similar HIV-1 DNA Integrant Frequencies and Stable HIV-1
Genetic Populations Between Time Points 1 and 2 in Cells From
Subjects Receiving Long-Term ART

The stability of intracellular HIV-1 DNA in memory CD4" T
cells during effective long-term suppressive therapy is unclear.
To investigate this further in peripheral blood, we sorted
640 000-18 000 000 T cells per subject on the basis of their spe-
cific CD4" T-cell phenotype (Supplementary Materials). The
sorted cells were analyzed using single-proviral sequencing
and maximum likelihood statistical analyses to estimate the in-
tegrant frequency in each cell type. Integrant frequencies at time
point 1 were previously published [3]. At the time point 2, we
found that the mean HIV-1 integrant frequencies for central
memory T cells, transitional memory T cells, and effector mem-
ory T cells were 0.001%, 0.003%, and 0.006%, respectively, in
subjects treated during acute/early infection (Table 1). The
combined integrant frequencies of central and transitional
memory cells at time point 1, compared with the weighted av-
erage of the frequencies in central memory T cells and transi-
tional memory T cells at time point 2, showed a 2-fold
decrease (P =.27, by the likelihood ratio test; Supplementary
Table 1). The integrant frequency of effector memory T cells de-
creased 1.6-fold between time points 1 and 2 (P =.065, by the
likelihood ratio test; Supplementary Table 1).

For subjects who initiated therapy during chronic infection,
the mean HIV-1 DNA integrant frequencies at time point 2 of
the 3 memory T-cell subsets (central memory T cells, transitional
memory T cells, and effector memory T cells) were 0.04%, 0.08%,
and 0.08%, respectively (Table 1). The integrant frequencies of
these cells changed <2-fold between time points 1 and 2 (Supple-
mentary Table 1). The integrant frequencies for naive T cells iso-
lated from peripheral blood ranged from 0.00002% to 0.001% in
subjects treated during acute/early infection and from 0.001% to
0.09% in subjects treated during chronic infection (Table 1). The
comparison of the frequencies for naive T cells between time
points 1 and 2 revealed a 4-fold decrease in subjects 1-5 and es-
sentially no change in subjects 6-8 (Supplementary Table 1).

We sorted 4 cell types from GALT specimens for all subjects
except subject 7. For central and transitional memory T cells,
we analyzed 8000-79 000 cells and found the mean HIV-1
integrant frequencies to be 0.01% and 0.02% (Supplemen-
tary Table 2) in subjects who initiated therapy during
acute/early and chronic infection, respectively. For effector
memory T cells, the mean integrant frequencies were 0.03%
and 0.04% (10 000-52 000 cells were analyzed) in subjects
treated during acute/early and chronic infection, respectively.

Comparison of the DNA integrant frequencies for central and
transitional memory T cells and effector memory T cells with-
in GALT specimens between time points 1 and 2 revealed sim-
ilar integrant frequencies in subjects 1-5 and a 3-fold decrease
in subjects 6 and 8 for these cell types (Supplementary
Table 1).

In addition, we analyzed 6 000 000-7 000 000 myeloid cells
from peripheral blood specimens and found a DNA integrant
frequency of 0.00002% in subjects 1 and 8 (Table 1). From
GALT specimens, we analyzed 3700-91 000 myeloid cells and
detected an integrant frequency of 0.003% in subject 6 (Supple-
mentary Table 2). However, as in our previous study [3], we
identified T-cell receptors in all myeloid cell lysates and there-
fore cannot rule out the possibility that the HIV DNA came
from infected T cells.

To evaluate the stability of the HIV-1 DNA integrant pool dur-
ing long-term suppressive therapy, we constructed phylogenetic
trees for each subject, including HIV-1 DNA sequences from the
different cell types isolated at time points 1 and 2 (Figures 1 and
2). We found that for all subjects, HIV-1 sequences from time
points 1 and 2 intermingled with sequences isolated from plasma
specimens obtained before therapy. Regression analysis revealed
no correlation between genetic divergence and time for the gag-
pol and env sequences isolated from samples obtained before
therapy and at time point 2 (R* = 0.08-0.0008; Supplementary
Table 3). In addition, the low evolutionary rates (estimated as
the number of nucleotide substitutions per site per year, using
a molecular clock approach that accommodates sampling times
as calibration information in a molecular clock [10]) for the gag-
pol sequences between samples obtained before therapy and
those obtained at time point 2 and between samples collected
at time point 1 and those collected at time point 2 were found
to be similar (Supplementary Table 3).

Similar HIV-1 DNA Integrant Frequency in Lymph Node Tissue
and Peripheral Blood Specimens

Although cells traffic between the lymph node and peripheral
blood, it is unknown whether the HIV-1 integrant frequencies
are similar in these 2 compartments during long-term ART
treatment. Therefore, we compared the HIV-1 integrant fre-
quencies of cells from peripheral blood and lymph node tissue
specimens. Lymph node tissue specimens were sorted from 1
subject treated during acute/early infection (subject 4) and 1
subject treated during chronic infection (subject 8). We sorted
283 000-3 816 600 cells from 4 T-cell subsets (naive T cells, cen-
tral memory T cells, transitional memory T cells, and effector
memory T cells). For subject 4, HIV-1 DNA was isolated
from transitional memory T cells and effector memory T
cells, and the integrant frequencies for these 2 subsets were
0.0009% and 0.0007%, respectively (Table 1). For subject 8,
the integrant frequencies in central memory T cells, transitional
memory T cells, and effector memory T cells were 0.03%,
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Table 1. Human Immunodeficiency Virus Type 1 DNA Integrant Frequencies in Peripheral Blood and Lymph Node Tissue (LNT) Samples Collected at Time Point 2, by Cellular Phenotype

Time of Treatment Initiation,
Subject, Compartment

Estimated Integrant Frequency, %2 (95% Cl)

TNAy

CD45RO~CCR7*CD27*CD57~

Tem
CD45RO*CCR7*CD27*

T,
CD45RO*CCR7-CD27*

Tem
CD45RO*CCR7-CD27~

Myeloid Cells,
CD3"CD14*

During acute/early infection
Subject 1
Blood
Subject 2
Blood
Subject 3
Blood
Subject 4
Blood
LNT
Subject 5
Blood
Weighted mean®
During chronic infection
Subject 6
Blood
Subject 7
Blood
Subject 8
Blood
LNT
Weighted mean®

0.00073 (.00052-.00102)

0.000067 (.000025-.000178)

0.000017 (.000002-.000118)

0.000015 (.000002-.000109)
0 (0-.0004)

0.0012 (.0007-.0020)

0.00022 (.00017-.00029)

0.088 (.072-.108)

0.0054 (.0037-.0077)

0.0014 (.0010-.0019)

0.0019 (.0014-.0026)
0.0050 (.0043-.0059)

0.024 (.018-.031)

0.00092 (.00058-.00144)

0.0016 (.0012-.0021)

0.000050 (.000016-.000155)
0 (0-.0004)

0.034 (.024-.047)

0.0014 (.0012-.0016)

0.16 (.12-.21)

0.024 (.018-.031)

0.030 (.021-.042)

0.025 (.019-.033)
0.036 (.030-.043)

0.028 (.021-.037)

0.012 (.008-.016)

0.0083 (.0057-.0122)

0.00028 (.00017-.00046)
0.00086 (.00049-.00152)

0.062 (.043-.089)

0.0025 (.0021-.0029)

0.092 (.067-.127)

0.15 (.11-.21)

0.053 (.039-.072)

0.025 (.018-.035)
0.080 (.066-.096)

0.18 (.14-.23)

0.011 (.008-.015)

0.0038 (.0028-.0052)

0.00087 (.00050-.00149)
0.00071 (.00018-.00283)

0.056 (.039-.079)

0.0063 (.0054-.0072)

0.040 (.027-.057)

0.13 (.10-.16)

0.089 (.065-.120)

0.076 (.057-.100)
0.082 (.070-.097)

0P (.000002-.000118)
0 (0-.00005
0 (0-.00005)

0 (0-.00004)
NA

0 (0-.00005)

0¢ (.0000002-.000014)
0 (0-.00005)

0 (0-.00005)

0° (.000002-.000118)

NA
0" (.0000003-.000024)

See "Methods"” section for the definition of time point 2.
Abbreviations: Cl, confidence interval; NA, not available; Tcn, central memory CD4* T cells; Tey, effector memory CD4™ T cells; Tya, naive CD4™ T cells; Tty transitional memory CD4* T cells.

@ One cannot rule out the possibility of low but nonzero integrant rates in cases where estimates were 0, as shown by the upper confidence bounds.

® An integrant frequency of 0.000017 was found in myeloid lysate with T-cell receptors present.

¢ Data were calculated with weighting for each patient proportional to the effective number of cells assayed in blood specimens.

9 An integrant frequency of 0.0000032 was found in myeloid lysate with T-cell receptors present.
¢ An integrant frequency of 0.000017 was found in myeloid lysate with T-cell receptors present.
f An integrant frequency of 0.0000056 was found in myeloid lysate with T-cell receptors present.
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<> Before therapy — 1.5 years before initiation of therapy
‘ Before therapy — Just before initiation of therapy
. During therapy — Isolated at second sample collection

A Intracellular sequences isolated at time point 1
A Intracellular sequences isolated at time point 2

Figure 1. Phylogenetic analysis of viral sequences (gag-pol) from plasma specimens isolated before the initiation of antiretroviral therapy and cells
isolated from time points 1 and 2. Maximum likelihood trees of sequences (gag-pol) from plasma specimens isolated 1.5 years before initiation of therapy,
plasma specimens isolated just before initiation of therapy, plasma specimens obtained during therapy, intracellular sequences isolated at time point 1, and
intracellular sequences isolated at time point 2 from a subset of subjects initiating antiviral therapy during acute/early human immunodeficiency virus type 1
(HIV-1) infection (subject 4 [A] and subject 5 [B]) and during chronic HIV-1 infection (subject 7 [C] and subject 8 [D)]). Trees representing the sequences
isolated from subjects 1, 2, 3, and 6 are not shown but are available upon request.

0.03%, and 0.08%, respectively. When comparing the integrant  Role of Cellular Proliferation, Differentiation, and Expansion in

frequencies from lymph node tissue specimens to their frequen- Maintaining Persistent HIV-1 During Long-Term ART
cies from peripheral blood specimens, all 4 cell subsets showed a To evaluate the role of cellular proliferation as a cause of HIV-1
<1.5-fold difference for both subjects. persistence, we analyzed samples obtained at time points 1 and
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A Intracellular sequences isolated at time point 1

A Intracellular sequences isolated at time point 2

Figure 2. Phylogenetic analysis of viral sequences (env) from plasma specimens isolated before the initiation of antiretroviral therapy and cells isolated
at time points 1 and 2. Maximum likelihood trees of sequences (env) from plasma specimens isolated 1.5 years before initiation of therapy, plasma spec-
imens isolated just before initiation of therapy, intracellular sequences isolated at time paint 1, and intracellular sequences isolated at time paint 2 from a
subset of subjects initiating antiviral therapy during acute/early human immunodeficiency virus type 1 (HIV-1) infection (subject 5; A) and during chronic HIV-

1 infection (subject 7 [B] and subject 8 [C]).

2 from subjects who initiated therapy during chronic infection.
For subjects 7 and 8, we also analyzed the env region. Expan-
sions of identical sequences were determined by phylogenetic
analysis as >2 genetically identical sequences, which we refer

to below as “clonal.” These were compared to plasma-derived
sequences obtained before therapy. Phylogenetic analyses
showed expansions of identical HIV-1 sequences in all subjects
treated during chronic infection: 28%-73% of all intracellular

6 e JID e von Stockenstrom et al

GT0Z '8¢ 1Ay U0 005 1DURIL UBS "BILIOJIED JO AISIBAIUN T /BI0'S[euInopioxo pilj/:dny Wwo.y papeojumoq


http://jid.oxfordjournals.org/

A _ B e

o &r}” 0,005] (a¥ 0005
é’\ ) re B8
*
] ‘.'
+*
Plasma On-therapy - time point 2
O Before therapy — 1.5 years before initiation of therapy ’ Peripheral blood — Naive

’ Before therapy — Just before initiation of therapy
O During therapy — Isolated at first sample collection
’ During therapy — Isolated at second sample collection

A Peripheral blood — Central memory
. Peripheral blood — Transitional memory
Peripheral blood — Effector memory

On-therapy - time point 1

GALT — Naive
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Figure 3. Phylogenetic analysis of identical viral sequences (gag-po/) from plasma specimens isolated before the initiation of antiretroviral therapy,
plasma specimens obtained during therapy and cells isolated from time points 1 and 2 after several years of suppressive antiretroviral therapy. Maximum
likelihood trees of sequences (gag-pol) from plasma specimens (isolated 1.5 years before initiation of therapy, just before initiation of therapy, and during
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sequences were clonal and represented 11-27 expansions of
identical sequences from both time points.

For subject 6, we identified 19 identical sequence expansions
(181 intracellular sequences were analyzed), 2 of which included
sequences identified in plasma specimens obtained before thera-
py (Figure 3A). At time point 2, the percentage of clonal sequenc-
es located in effector memory T cells increased from 29% to 62%
(Table 2), and the odds of a viral sequence being clonal in effector
memory T cells were 11-fold (P =.001) and 20-fold (P <.001)
higher than if the viral sequence came from central memory T
cells and transitional memory T cells, respectively.

For subject 7, 11 identical sequence expansions were identi-
fied (213 intracellular sequences were analyzed; Figure 3B),
none of which included sequences identified in plasma speci-
mens obtained before therapy. For this subject, 52% of all intra-
cellular sequences were clonal and were predominantly found in
effector memory T cells. As previously reported [3], subject 7
had 1 unique clonal population containing a large 380-base
pair deletion (base pairs 1177-2236 in the HXB2 genome)
that essentially eliminated the protease gene, indicating that
this population is not replication competent. The percentage
of clonal sequences isolated from effector memory T cells in-
creased from 82% to 92% (Table 2) during the 2 sample collec-
tions, and the odds of a viral sequence being a clone in effector
memory T cells, compared with central memory T cells and
transitional memory T cells, at time point 2 were 9-fold
(P=.002) and 86-fold (P <.0001), respectively. Analyses of
the env region (Figure 4A) for this subject showed that 73%
of the 139 sequences analyzed were clonal populations. A
total of 16 identical sequence expansions were identified,
which were predominantly found in effector memory T cells
and transitional memory T cells during time point 2.

For subject 8, 32% of the intracellular sequences analyzed
(n =278; Figure 3C) were clonal and included 27 identical se-
quence expansions, one of which included sequences identified
in plasma specimens obtained before therapy. Consistent with
our findings for subjects 6 and 7, these clonal sequences were
predominantly found in effector memory T cells (67% and
79% at time points 1 and 2, respectively; Table 2). This was
also true for the env region (Figure 4B), which had clonal se-
quences predominantly in effector memory T cells at time
points 1 and (50% and 83%, respectively; Table 2). At time
point 2, cells isolated from lymph node tissue were analyzed
for subject 8, and 61% and 63% (Table 2) of the sequences in
the gag-pol and env regions, respectively, from effector memory

T cells were clonal. For peripheral blood specimens (gag-pol)
obtained at time point 2, the odds of a viral sequence being a
clone in effector memory T cells were 20-fold and 7-fold higher
than if the viral sequence came from central memory T cells
(P=.0001) and transitional memory T cells (P =.01), respec-
tively, in subject 8. For lymph node tissue the odds of a viral se-
quence being a clone in effector memory T cells were 11-fold
and 7-fold higher than if the viral sequence came from central
memory T cells (P=.0003) and transitional memory T cells
(P =.02). In addition, we estimated the percentage of each spe-
cific T-cell subset containing identical HIV-1 sequences within
the HIV-1 DNA pool during long-term suppressive therapy
(Table 3). We estimated that 29%-62% and 19%-55% of all vi-
ruses in blood specimens obtained at time points 1 and 2, re-
spectively, were created by clonal expansion.

DISCUSSION

To define the stability of the intracellular HIV-1 DNA pool
during effective ART and the role of cell proliferation as a
cause of HIV-1 persistence, we examined the HIV-1 integrant
frequencies and the distribution of clonal HIV-1 intracellular
sequences in different memory T-cell subsets from peripheral
blood, GALT, and lymph node tissue specimens during long-
term suppressive therapy. We found that HIV-1 DNA integrant
frequencies within CD4" T cells remain generally stable over
time in blood and gut tissue. We also found that a large propor-
tion of the viral population is clonal in nature, with this clonal-
ity more apparent in more-differentiated CD4" T cells. These
data collectively indicate that the pool of integrated DNA is
largely maintained by cellular proliferation and differentiation
of the memory CD4" T-cell population.

To further evaluate the stability of the HIV-1 DNA integrant
pool, we compared the estimated integrant frequencies of naive
T cells and memory CD4" T cells isolated from peripheral blood
and GALT specimens observed in our recent study [3] to the
integrant frequencies of cells isolated 7-9 months later. We es-
timated that the amount of HIV-1 DNA had changed by <4-
fold between the 2 time points for all compartments, indicating
that the pool of naive T cells and memory CD4" T cells contain-
ing integrated DNA did not change dramatically over 7-9
months in these compartments. The detected fluctuations
may reflect contractions and expansions of different cell types,
as also revealed by analysis of identical sequences. Although
most of the work investigating the cells that contribute to the

Figure 3 continued. therapy), peripheral blood specimens (all memory T cells, central/transitional memory T cells, central memory T cells, transitional
memory T cells, and effector memory T cells), gut-associated lymphoid tissue (GALT) specimens (naive T cells, central/transitional memory T cells, and
effector memory T cells), and lymph node tissue specimens (naive T cells, central memory T cells, transitional memory T cells, and effector memory T cells)
from a subset of subjects initiating antiviral therapy during chronic human immunodeficiency virus type 1 infection (subject 6 [A], subject 7 [B], and subject 8
[C]). Red circles indicate identical sequences expansions (defined as >2 genetically identical sequences) isolated from different cells. Arrows indicate
identical sequence expansions, which included sequences derived from plasma specimens obtained before therapy.
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Table 2. Estimated Rate of Identical Sequences In Peripheral Blood, Gut-Associated Lymphoid Tissue (GALT), and Lymph Node (LN)
Tissue Specimens Obtained at Time Points 1 and 2 in Subjects Treated During Chronic Infection

Blood, Estimated Rate, GALT, Estimated Rate, LN Tissue, Estimated Rate,
% (95% Cl) % (95% Cl) % (95% Cl)
Subject, Cellular
Phenotype, Region Time Point 1 Time Point 2 Time Point 1 Time Point 2 Time Point 2
Subject 6
TNA
gag-pol 31 (12-55) 33 (16-55) 0 (0-63) 0 (0-95) NA
TCTV\/I
gag-pol 25 (8.5-49) NA 27 (9.2-52) 0 (0-95) NA
Tem
gag-pol NA 16 (4.2-36) NA NA NA
TTM
gag-pol NA 6.3 (.4-25) NA NA NA
TEI\/I
gag-pol 29 (9.9-55) 62 (41-80) 15 (2.7-40) 67 (28-94) NA
Subject 7
TNA
gag-pol 36 (15-62) 0 (0-16) NA NA NA
Term
gag-pol 0 (0-15.3) NA 50 (3.8-96) NA NA
Env 38 (11-71) NA NA NA NA
Tem
gag-pol NA 57 (32-80) NA NA NA
env NA 33 (10-66) NA NA NA
TTM
gag-pol NA 12 (3.1-28) NA NA NA
env NA 64 (35-87) NA NA NA
TEI\/I
gag-pol 82 (60-95) 92 (84-97) 16 (4.2-36) NA NA
env 40 (18-65) 85 (78-92) NA NA NA
Subject 8
TNA
gag-pol 21 (7.1-42) 22 (8.4-41) NA NA 17 (5.5-35)
Tetm
gag-pol 61 (38-81) NA 29 (5.4-65) 0 (0-63) NA
env 20 (6.7-41) NA NA NA NA
Tem
gag-pol NA 20 (6.7-41) NA NA 12 (3.1-28)
env NA 23 (9.9-41) NA NA 17 (4.4-38)
TTM
gag-pol NA 35 (17-57) NA NA 26 (11-46)
env NA 44 (23-67) NA NA 28 (13-47)
TEI\/I
gag-pol 67 (42-87) 79 (563-94) 18 (4.7-40) 17 (1.0-55) 61 (41-79)
env 50 (29-71) 83 (65-95) NA NA 63 (42-80)

See “Methods” section for the definitions of time points 1 and 2.

Abbreviations: Cl, confidence interval; NA, not available; Tcy, central memory CD4* T cells; Terv, central/transitional memory CD4* T cells; Tgy, effector memory
CD4* T cells; Tya, naive CD4™ T cells; Tru, transitional memory CD4* T cells.

HIV reservoir has largely relied on studies conducted with cells  to peripheral blood and GALT specimens, we analyzed lymph
from peripheral blood, a number of findings suggest that other node tissue specimens and found that integrant frequencies in
tissue compartments harbor persistent virus [5, 11]. In addition naive and memory T cells were similar in peripheral blood and
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Plasma

(} Before therapy — 1.5 years before initiation of therapy
& Before therapy — Just before initiation of therapy

During therapy — time point 1

O Peripheral blood — Naive

O Peripheral blood — All Memory

A Peripheral blood — Central/transitional memory
D Peripheral blood — Effector memory

(O GALT-Naive

A GALT - Central/transitional memory

D GALT - Effector memory

On-therapy — time point 2

‘ Peripheral blood — Naive

‘ Peripheral blood — Central memory

. Peripheral blood — Transitional memory
. Peripheral blood - Effector memory

@ GALT-Naive
A GALT - Central/transitional memory
. GALT - Effector memory

0 Lymph node tissue — Naive

A Lymph node tissue — Central memory

. Lymph node tissue — Transitional memory
. Lymph node tissue — Effector memory

Figure 4. Phylogenetic analysis of identical viral sequences (env) from plasma specimens isolated before the initiation of antiretroviral therapy and cells
isolated from time points 1 and 2 after several years of suppressive antiretroviral therapy. Maximum likelihood trees of sequences (env) from plasma
specimens (isolated 1.5 years before initiation of therapy and just before initiation of therapy), peripheral blood specimens (naive T cells, all memory T
cells, central/transitional memory T cells, central memory T cells, transitional memory T cells, and effector memory T cells), gut-associated lymphoid tissue
(GALT) specimens (naive T cells, central/transitional memory T cells, and effector memory T cells), and lymph node tissue specimens from time point 2
(naive T cells, central memory T cells, transitional memory T cells, and effector memory T cells) from a subset of subjects initiating antiviral therapy during
chronic human immunodeficiency virus type 1 infection (subject 7 [A] and subject 8 [B]). Red circles indicate identical sequences expansions (defined as >2
genetically identical sequences) isolated from different cells. Arrows indicate identical sequence expansions, which included sequences derived from spec-

imens obtained before therapy.

lymph node tissue specimens, as previously shown by Chomont
et al [5].

In our recently published study, in-depth phylogenetic anal-
yses revealed a lack of substantial genetic evolution, suggesting
that ongoing cycles of viral replication are not a major contrib-
utor to the persistence of HIV-1 DNA in memory CD4" T cells
[3]. To further evaluate this issue, we conducted phylogenetic
analyses of viral evolution on tissue samples and cells collected
from the same subjects 7-9 months after our earlier study. This
analysis allowed us to estimate how much low-level viral

replication contributes to the longitudinal persistence of HIV-
1 in specific cell subsets from specific tissue sources. Consistent
with our earlier study, these longitudinal evolutionary analyses
produced 2 important results: there was no substantial correla-
tion between time and viral divergence for the gag-pol and env
regions, and the evolutionary rates estimated (based on the region
analyzed) that only 0.008-0.3 nucleotide substitutions per year
occurred between the time point before therapy and time point
2 and 0.04-0.7 nucleotide substitutions occurred between time
points 1 and 2. A reason why the evolutionary rates between
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Table 3.

Sequences (gag-pol)

Percentage of the Total Viral Pool of Integrated Human Immunodeficiency Virus Type 1 DNA in T Cells Contributed by Identical

Subject 6, Contribution,

Subject 7, Contribution,

Subject 8, Contribution,

Compartment, % (95% Cl) % (95% Cl) % (95% Cl)
Cellular
Phenotype Time Point 1 Time Point 2 Time Point 1 Time Point 2 Time Point 1 Time Point 2
Blood
Overall 28.5 (13.4-44.4) 18.6 (8.2-31.2) 62.2 (47.5-75.0) 54.5 (43.8-65.1) 61.0 (43.0-78.3) 38.7 (26.9-51.1)
Tha 17.2 (6.1-30.8) 6.2 (2.6-10.7) 6.6 (2.2-12.0) 0 (0-.07) 0.7 (.15-1.5) 0.22 (.055-.46)
Tetm 10.8 (2.6-21.1) NA 0 (0-.14) NA 45.9 (28.7-62.9) NA
Tem NA 10.3 (0-22.0) NA 18.8 (9.7-29.0) NA 8.6 (1.9-17.4)
Ttm NA 0.90 (0-3.0) NA 3.1 (0-7.1) NA 11.4 (4.6-19.5)
Tem 0.51 (.11-1.10) 2 (.65-2.0) 55.6 (41.5-68.1) 32.6 (25.8-39.5) 14.4 (8.4-21.5) 18.6 (11.4-26.7)
GALT
Overall 21.2 (6.9-37.6) NA 17.1 (2.7-35.8) NA 20.8 (6.6-37.7) 11.7 (0-40.0)
Tna 0 (0-.88) NA 0 (0-4.7) NA 0 (0-.00045) 0 (0-.013)
Tetm 14.8 (3.5-28.6) NA 4 (0-8.0) NA 8.2 (0-20.6) 0 (0-8.7)
Tem 4 (0-16.2) NA 14.8 (0-30.5) NA 12.6 (0-26.9) 11.7 (0-38.1)

See “Methods” section for the definitions of time points 1 and 2.

Abbreviations: Cl, confidence interval; NA, not available; Ty, central memory CD4* T cells; Terwv, central/transitional memory CD4* T cells; Tgy, effector memory

CD4* T cells; Tya, naive CD4™ T cells; Tru, transitional memory CD4* T cells.

the 2 pairs of time points are very close to but do not reach 0 is
that, in the absence of measurable evolution, the rate is estimated
close to the prior expectation by Bayesian analysis.

Cytokines such as interleukin 7 have been shown to enhance
the survival of memory CD4" T cells [5, 12, 13] and induce pro-
liferation of latently infected cells without viral reactivation or ge-
netic diversification [5, 14]. To evaluate the role of cellular
proliferation as a cause for persistence during ART, we examined
the distribution of identical HIV-1 intracellular sequences isolat-
ed from subjects who initiated therapy during chronic infection.
Analysis of the more variable env region was conducted for sub-
jects 7 and 8. Our results show that the env and gag-pol regions in
subjects from the chronic infection group contained up to 73%
identical sequence expansions and that only 3 of these sequence
expansions were found in plasma sequences obtained before
therapy. These results indicate that these sequence expansions
were likely present because of cellular proliferation that occurred
during suppressive therapy rather than because they were depos-
ited in multiple cells prior to therapy. Our analysis is, however,
limited in that we analyzed 2 specific genetic regions and were
therefore unable to determine whether the identical sequence ex-
pansions could produce a replication-competent virus, but most
likely these expansions result in both replication competent and
incompetent virus. Furthermore, given the small sample size and
modest duration of follow-up, we cannot exclude gradual de-
clines in HIV-1 integrant levels.

We also found that effector memory T cells are more likely
than transitional memory T cells and central memory T cells
to contain identical sequences. The higher proportion of

identical sequences detected in effector memory T cells can
be explained by the different rates of cellular proliferation. Re-
cent studies have shown that the rate of cellular proliferation is
variable between the memory T-cell populations, with effector
memory T cells having the highest proliferation rate and there-
fore a greater likelihood of harboring clonal viral genomes [5,
15, 16]. The clonal nature of HIV-1 DNA within effector mem-
ory T cells indicates that a small number of proliferating cells
containing integrated HIV-1 are contributing to the persistence
of HIV in effector memory T cells. The more genetically diverse
HIV-1 DNA integrant pool in central memory T cells and tran-
sitional memory T cells most likely contains more replication-
competent viral strains, which are maintained by a continual
rate of viral reactivation and/or death of these cells.

In our earlier study, we identified the expansion of an iden-
tical sequence containing a large deletion in the gag-pol viral
gene region in subject 7 [3]. When analyzing cells from periph-
eral blood samples collected 8 months later, we found that the
sequence containing this deletion had increased from 82% to
92% among effector memory T cells, indicating that this dele-
tion mutant expanded through cellular proliferation and/or
clonal cell expansion with integrated virus and not viral replica-
tion, as this large 380-base pair deletion makes this virus repli-
cation incompetent [14, 17, 18]. Analysis of the env region did
not reveal an equivalent clone. However, we found 11 identical
sequence expansions in the env region from effector memory T
cells, which, taken together, represented 60% of all the env se-
quences from effector memory T cells, indicating that several
different genetic populations of env may be linked to the gag-
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pol region containing this deletion. Interestingly, in patients
treated during chronic infection, up to 62% of all viruses in
blood were estimated to be created by clonal proliferation, indi-
cating the importance of cellular proliferation in maintaining
HIV-1 DNA pool.

In conclusion, our longitudinal study provides evidence that
the pool of HIV-1 integrants in memory T cells does not change
dramatically over 7-9 months, revealing a relatively stable pool of
integrated HIV-1 DNA in its size and its genetic variability dur-
ing long-term suppressive therapy. These results support our ear-
lier findings that viral replication is not a major contributor to
persistent HIV-1 in patients receiving effective therapy. In addi-
tion, a large percentage of intracellular sequences not represented
in plasma obtained before therapy are clonal in nature and en-
riched in more differentiated cells, suggesting that HIV persis-
tence during effective therapy is more likely driven in large
part by the proliferation, differentiation, and expansion of cell
populations with sustained and durable regenerative potential,
rather than by ongoing viral replication. Therefore, it appears
that strategies needed to eradicate persistent HIV-1 would have
to block homeostasis of the integrated HIV-1 DNA pool nonse-
lectively and/or find strategies for purging the latent HIV-1 res-
ervoirs at a greater efficiency than cellular proliferation. However,
the difficulty of achieving this goal will be affected by whether the
HIV-1 integrant is located in a proliferative gene.
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