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Generation of HIV Latency in Humanized BLT Mice
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Here we demonstrate that a combination of tenofovir, emtricitabine, and raltegravir effectively suppresses peripheral and sys-
temic HIV replication in humanized BLT mice. We also demonstrate that antiretroviral therapy (ART)-treated humanized BLT
mice harbor latently infected resting human CD4* T cells that can be induced ex vivo to produce HIV. We observed that the lev-
els of infected resting human CD4™* T cells present in BLT mice are within the range of those observed circulating in patients
undergoing suppressive ART. These results demonstrate the potential of humanized BLT mice as an attractive model for testing

the in vivo efficacy of novel HIV eradication strategies.

ntiretroviral therapy (ART) is critical for improved quality of

life and long-term survival in most human immunodefi-
ciency virus (HIV)-infected patients. Unfortunately, ART is a life-
long commitment, because it is unable to eradicate HIV reservoirs
and ART interruption is accompanied by viremia rebound (22,
23). Thus, replication-competent HIV persists in infected individ-
uals despite ART-induced reduction in plasma viral RNA. This
persistent HIV infection in patients is thought to be predomi-
nantly due to the presence of latently infected resting CD4™" T cells
that survive despite long-term ART (8, 16, 29, 32, 38). Most anal-
yses of latent but replication-competent HIV-1 in humans have
been limited to the recovery of virus from resting CD4" T cells in
peripheral blood (1, 5, 14, 16, 20, 26, 27, 33-35, 37, 38). A few
studies have analyzed virus recovered from lymph node samples
(5, 26, 34, 37). However, it is clear that other anatomical sites are
involved in the persistence of HIV during ART (7, 39). Successful
eradication of the HIV that persists during ART hinges on an
improved understanding of the nature of the latent viral reservoir,
and validated animal models that recapitulate key aspects of the
human condition are critical to this effort (4, 17, 30). Peripheral
blood and lymphoid and nonlymphoid tissues of nonhuman pri-
mates receiving ART have been evaluated for the presence of la-
tently infected resting CD4* T cells (9, 13, 25, 31). These impor-
tant studies involving simian immunodeficiency virus (SIV) have
provided significant insight into the location of productively in-
fected cells in ART treated animals. Here we describe the imple-
mentation of a novel in vivo system to study HIV infection of
resting human T cells, the humanized bone marrow/liver/thymus
(BLT) mouse model. Specifically, we first demonstrated the ability
of anti-HIV drugs to efficiently suppress HIV replication and then
determined the presence of HIV infected resting CD4" T cells in
BLT mice. Our results demonstrate that BLT mice represent an
outstanding in vivo model of HIV latency that can be utilized to
evaluate HIV eradication interventions.

Humanized BLT mice are individually bioengineered by bone
marrow transplant of CD34" hematopoietic progenitor cells into
immunodeficient mice previously implanted with autologous
liver and thymus tissue (3, 10-12, 18, 19, 24, 28, 36). Human
hematopoietic cells are present in all tissues of BLT mice, includ-
ing peripheral blood, primary lymphoid tissues, secondary lym-
phoid tissues, and mucosal tissues. BLT mice were prepared for
these experiments essentially as previously described (3, 10-12,
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18, 19, 24, 28, 36). Briefly, preconditioned NOD/SCID-gamma
chain null (NSG) mice (The Jackson Laboratories) implanted
with thymus and liver tissue (Advanced Bioscience Resources)
were transplanted with 2 X 10 to 3 X 10° autologous human fetal
liver CD34" cells and monitored for human engraftment. Mice
were maintained at the Animal Resources Center of UT South-
western Medical Center at Dallas or the Division of Laboratory
Animal Medicine at the University of North Carolina at Chapel
Hill in accordance with protocols approved by each institution’s
Institutional Animal Care and Use Committee. Prior to HIV in-
fection, all the BLT mice (n = 20) used for these experiments were
characterized for human reconstitution. The peripheral blood of
these mice contained an average of 51% (*17% [standard devia-
tion {SD}]) human CD45* cells of which an average of 83% (£7%
[SD]) were human CD4* T cells.

The general approach used to conduct the experiments de-
scribed below is outlined in Fig. 1A. Humanized BLT mice are
susceptible to vaginal, rectal, and intravenous HIV infection (10—
12, 36), which results in systemic viral dissemination and robust
viral replication in peripheral blood (3, 10-12, 36) (Fig. 1B). The
course of HIV infection in BLT mice closely mimics that observed
in humans, and currently prescribed therapeutic antiretrovirals
exhibit efficacy in humanized BLT mice (10-12, 36). We infected
BLT mice with CCR5-tropic HIV (JR-CSF or SF162) as previously
described (10-12, 36) and monitored their plasma viral loads as
previously described (12), with a limit of detection of 750 copies
per ml of mouse plasma. The low sensitivity of our standard assay
compared to that of the standard clinical assay (50 copies per ml)
is due to the lower volume of plasma that can be obtained on a
regular basis from mice. Infected BLT mice received ART consist-
ing of daily intraperitoneal injections of emtricitabine (FTC; 140
to 200 mg/kg body weight), tenofovir disoproxil fumarate (TDF;
146 to 208 mg/kg), and raltegravir (RAL; 56 to 80 mg/kg). ART
was very efficient at reducing plasma viral loads to below the limit
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HIV Latency in Humanized BLT Mice

A In Vivo Assessment of ART Efficacy in BLT Humanized Mice
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FIG 1 Human therapeutic antiretroviral drugs suppress HIV replication in BLT mice. (A) The in vivo assessment of ART efficacy in BLT mice is depicted.

HIV-positive BLT mice were treated daily with ART consisting of FTC, TDF, and raltegravir. Viral RNA was measured in plasma throughout the experiment and
in tissues at harvest. (B through D) Day 0 corresponds to the time of virus exposure. Days during ART are shaded gray. (B) Plasma viral loads from three infected

BLT mice were followed in the absence of ART to demonstrate sustained viremia without treatment. The three mice in this experiment were followed for 33, 38,
and 68 days postexposure. (C) Plasma viral loads from three infected BLT mice were followed pre- and post-ART initiation to demonstrate the ability of ART to
rapidly suppress viremia below detection. (D) Plasma viral load from an infected BLT mouse rapidly dropped below detection and remained undetectable for the
duration of ART. As seen in humans, viremia rebounded to a level similar to that observed pretreatment following a structured treatment interruption. (E)
Cell-associated HIV-1 RNA levels at harvest were determined in multiple tissues of an infected BLT mouse that received ART for 58 days (followed for a total of
77 days postexposure) as well as in a pair of untreated, infected BLT mice (followed for a total of 69 and 70 days postexposure), and triplicate RNA determinations
for each are presented with standard deviations. RNA was isolated from the total cell population, and the data are presented as RNA copies per 1 X 10°
mononuclear cells on a logarithmic scale to facilitate visualization of the low levels of HIV RNA present in the tissues of the treated animal.

In addition to the evaluation of plasma viremia during ART,
we also assessed the effect of ART on systemic virus production in
BLT mice. Tissues harvested from one infected BLT mouse receiv-
ing ART and two untreated infected controls were examined for
the presence of viral RNA (quantitative real-time PCR [qRT-

of detection in as few as 11 days (Fig. 1C). We also noted that,
similar to what occurs in patients taking ART (6, 15, 21), during
structured treatment interruption, there is a rapid rebound of
plasma viremia to levels comparable to those detected prior to

therapy (Fig. 1D).
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PCR]). Since RNA was isolated from total mononuclear cells, the
viral RNA detected was being produced by all the productively
infected cells in each tissue and not latently infected cells (2). ART
dramatically reduced viral RNA levels in all the tissues examined
compared to the case in the control animals (Fig. 1E), and the
greatest reductions were observed in peripheral blood and thymo-
cytes. The least pronounced reductions in viral RNA levels were
noted in lymph nodes and liver (Fig. 1E). It should be noted that
the viral RNA levels in the control mice reflect both the relative
levels of humanization and the CCRS5 expression on T cells in each
tissue (10, 36). Together, these data establish that ART consisting
of a well-characterized combination of FDA-approved therapeu-
tic antiretroviral drugs is capable of suppressing HIV replication
in BLT mice and demonstrate that, like in humans and nonhuman
primates, the infection persists for the duration of the treatment.

HIV persistence during ART can be due to latently infected
resting CD4" T cells in either preintegration or postintegration
phases of infection (2). As preintegration latency does not persist
during long-term ART, we sought to identify postintegration la-
tency in infected resting CD4 ™" T cells in BLT mice. We first dem-
onstrated the presence of resting CD4™" T cells in naive BLT mice.
For this analysis, we isolated mononuclear cells from peripheral
blood, bone marrow, spleen, lymph nodes, liver, and lung accord-
ing to published protocols (10, 11, 24, 36). All mononuclear cells
from individual mice were combined and resting human CD4* T
cells were negatively selected by magnetic separation (Stemcell
Technologies, Vancouver, Canada) essentially using the same ap-
proach used to isolate resting cells from human leukapheresis
product (1). Briefly, cells were incubated with antibodies specific
for mouse CD45 and TER119 and for human CD8, CD14, CD16,
CD19, CD56, glycophorin A, CD41, HLA-DR, CD25 (35 pl/ml)
(Stem Cell Technologies), and CD31 and CD105 (0.5 pg/ml each)
(eBiosciences). Antibody-bound cells were removed using mag-
netic selection and the flowthrough fraction containing the puri-
fied resting cells was collected. This negative selection approach
resulted in a >97% pure resting CD4" T cell population as de-
fined by expression of CD4, CCR7, and CD27 and lack of expres-
sion of CD8, CD25, HLA-DR, and CD11Db (Fig. 2).

After establishing that resting CD4* T cells are present in BLT
mice and that they can be isolated with the same procedure used to
obtain similar cells from human peripheral blood, we determined
whether a latent reservoir of HIV-infected cells is present in in-
fected BLT mice on ART. The general approach used to accom-
plish this objective is described in Fig. 3A. Administration of ART
to infected BLT mice resulted in an average 3.2-log reduction
(%£0.5 [SD]; n = 8) in plasma viral load (Fig. 3B). Mononuclear
cells from peripheral blood, lymph nodes, human thymic or-
ganoid, spleen, bone marrow, lungs and liver were collected and
all cells from each individual mouse were pooled for resting cell
isolation. Resting CD4™" T cell enrichment was performed on each
pool of cells, as described above (Fig. 2). The average yield of
resting cells per BLT mouse was 3.0 X 10° (+1.3 X 10° [standard
error of the mean {SEM}]; n = 10 [including 2 control mice that
did not receive ART]). To limit the potential contribution of non-
integrated HIV DNA to the outgrowth assay results, the enriched
population of resting cells was cultured in the presence of 15 nM
efavirenz and 1 uM raltegravir for 2 days prior to any stimulation
for viral outgrowth (1, 20). The lack of ongoing virion production
in resting cells maintained in efavirenz and raltegravir was con-
firmed prior to coculture and stimulation of viral outgrowth as
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FIG 2 Resting human CD4™" T cells are present in BLT mice. (A) Flow cytom-
etry analysis of pooled BLT mouse mononuclear cells prior to negative selec-
tion showed the presence of CD4* and CD8™ T cells. Within the CD4™ T cell
population, a heterogeneous population of cells expressing variable levels of
CD27, CD25, HLA-DR, and CD11b was observed. (B) Following negative
selection, flow cytometry analysis showed a homogeneous population of hu-
man CD4" CCR7+ CD27* CD8~ CD25~ HLA-DR™ CDI11b™ resting T cells.
Results for one representative BLT mouse of two are shown.

previously published (1). The frequency of resting cell infection
was determined using a maximum likelihood method, and the
results were expressed as infectious units per million (IUPM) rest-
ing CD4" T cells (1). The coculture assay results yielded an aver-
age of 9.9 (+2.7 [SEM]) IUPM resting CD4" T cells per mouse
(Fig. 3C). These results demonstrate that HIV infection of hu-
manized mice results in the establishment of a population of rest-
ing cells latently infected with HIV that can be readily isolated and
induced to express HIV ex vivo, recapitulating key aspects of the
human condition. Because of the relatively short frame of time
necessary to observe ART efficacy in this model, preclinical eval-
uation of successful HIV eradication interventions can be rapidly
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A Ex Vivo Assessment of HIV-1 Latency in BLT Humanized Mice
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FIG 3 Latent HIV infection occurs in BLT mouse resting human CD4* T cells. (A) The ex vivo assessment of HIV-1 latency in humanized BLT mice is depicted.
Daily ART dosing consisted of FTC, TDF, and raltegravir. PHA, phytohemagglutinin; IL-2, interleukin 2; PBMC, peripheral blood mononuclear cells. (B) Plasma
viral loads from eight infected BLT mice were followed pre- and post-ART initiation, and then mice were harvested between days 20 and 27 of ART. Day 0
corresponds to the time at which ART was initiated, and days during ART are shaded gray. (C) At harvest, resting CD4™ T cells were isolated from the pooled cells
from individual mice and then placed into coculture according to clinical protocols to determine the frequency of latently infected cells in each animal during
ART. Outgrowth assay determinations of [UPM resting CD4™ T cells from six animals with nondetectable viral loads at harvest are plotted as open circles, while
one mouse with detectable viral load at harvest is represented with a filled circle. The second mouse with detectable viral loads at harvest is not represented in the

graph, due to an unusually low yield of resting CD4™ T cells.

performed prior to more extensive evaluation in nonhuman pri-
mates and humans.

In summary, we have established a novel application of the
humanized BLT mouse model for the study of HIV latency in vivo.
Specifically, we have demonstrated that a combination of well-
characterized human antiretroviral drugs is capable of effectively
controlling viral replication. We demonstrated the presence of
latently infected resting human CD4™* T cells in ART-treated BLT
mice that can be induced ex vivo to produce HIV. In these exper-
iments, we observed that the frequency of infected resting human
CDA4* T cells present in tissues from BLT mice is within the range
observed circulating in patients undergoing suppressive ART.
Overall these results demonstrate that humanized BLT mice are
an attractive model for testing the in vivo efficacy of novel HIV
eradication strategies.
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