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Abstract

HIV-1 latently infected cells in vivo can be found in extremely low frequencies. Therefore, in vitro cell culture
models have been used extensively for the study of HIV-1 latency. Often, these in vitro systems utilize defective
viruses. Defective viruses allow for synchronized infections and circumvent the use of antiretrovirals. In addition,
replication-defective viruses cause minimal cytopathicity because they fail to spread and usually do not encode
env or accessory genes. On the other hand, replication-competent viruses encode all or most viral genes and better
recapitulate the nuances of the viral replication cycle. The study of latency with replication-competent viruses
requires the use of antiretroviral drugs in culture, and this mirrors the use of antiretroviral treatment (ART) in vivo.
We describe a model that utilizes cultured central memory CD4" T cells and replication-competent HIV-1. This
method generates latently infected cells that can be reactivated using latency reversing agents in the presence of
antiretroviral drugs. We also describe a method for the removal of productively infected cells prior to viral
reactivation, which takes advantage of the downregulation of CD4 by HIV-1, and the use of a GFP-encoding virus

for increased throughput.

Introduction

THE EXISTENCE OF CELLULAR RESERVOIRS where HIV-1
resides in a latent state constitutes a formidable barrier
toward eradication of viral infection despite the ability of
combination antiretroviral therapy (ART) to durably sup-
press viral replication and restore the circulating CD4™ T cell
population.'™ One of the major known cellular reservoirs is
established in quiescent central memory CD4* T cells.*’
Reactivation of latent viruses followed by killing (‘“‘shock
and kill’”) of the infected cells has been proposed as a pos-
sible strategy to purge the latent reservoir.® The interest in
discovering signals that will induce latent proviruses through
the introduction of latency-reversing agents (LRAs) has
prompted the development of in vitro cellular models.”""
In an effort to recapitulate latency in the CD4" central
memory T cell subset (Tcyy), we previously developed a la-
tency model in which naive cells from the peripheral blood of
healthy donors are activated and polarized in vitro to direct
differentiation into Ty "> In vitro culture of these cells in
the presence of interleukin (IL)-2 leads to the acquisition of a
quiescent phenotype.”’ We initially utilized an envelope-
defective proviral construct that was pseudotyped with

a second plasmid encoding a full-length HIV-1 envelope
glycoprotein gene. This system was designed to circumvent
the use of antiretrovirals because the virus was engineered to
be replication defective.

However, two reasons prompted us to explore the use of
replication-competent viruses. First, we wished to create an
in vitro model that would more closely resemble the in vivo
environment in which replication-competent, full-length
HIV-1 is present and viral replication is suppressed by the
presence of ART. This will allow for more accurate predic-
tions of the efficacy of candidate LRAs to support future
HIV-1 eradication clinical trials. Second, as we recently re-
ported,21 we have documented a recombination event be-
tween the proviral construct and the envelope glycoprotein
construct, leading to the production of an unexpected repli-
cation-competent virus in culture that, if ignored, can com-
plicate the interpretation of results.

Materials and Methods

Reagents

The following reagents were obtained through the AIDS
Research and Reference Reagent Program, Division of AIDS,

'Division of Microbiology and Immunology, Department of Pathology, University of Utah School of Medicine, Salt Lake City, Utah.
2Department of Internal Medicine, HIV Translational Research Unit, Ghent University, Ghent, Belgium.
Division of Infectious Diseases, Department of Medicine, University of Utah School of Medicine, Salt Lake City, Utah.
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NIAID, NIH: nelfinavir, raltegravir (Cat. #11680) from Merck
& Company, Inc., human rIL-2 from Dr. Maurice Gately,
Hoffmann-La Roche Inc.,?? HIV-1y1 43 from Dr. Malcolm
Martin,>> MT-2 cells from Dr. Douglas Richman,”** and
ACH-2 cells from Dr. Thomas Folks.”?® HIV-1 NLENGI-
IRES was a kind gift from Dr. David Levy.”” The VQA
plasmid was a kind gift from Dr. Greg Laird and Dr. Robert
Siliciano.

Generation of infected cultured Ty cells

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from healthy donors following protocols outlined in
IRB #67637 (University of Utah Institutional Review Board
approved) or obtained from the Gulf Coast Regional Blood
Center (Houston, TX). Naive cells were isolated and cultured
Tewm cells were generated and infected as previously de-
scribed.'?**?® Briefly, naive CD4 T cells were magnetically
isolated from healthy donor blood samples using a com-
mercial kit (either Miltenyi Biotec, Cat. #130-094-131 or
Stemcell Technologies, Cat. #19155). Naive CD4 T cells
were activated using human oCD3/aCD28-coated magnetic
beads (one bead per cell, Life Technologies, Cat. #11131D) in
the presence of human oIL-4 (2 ug/10°, Peprotech, Cat. #500-
p24), olL-12 (4 pug/ 106, Peprotech, Cat. #500-p154g), and
tumor growth factor (TGF)-f1 (0.8 ug/10°, Peprotech, Cat.
#100-21) for 3 days. After 3 days, cells were maintained at a
concentration of 10° cells/ml in media containing 30 IU of
human IL-2. HIV-1yp 4.3 and HIV-1 NLENGI1-IRES viruses
were generated in HEK293FT cells usin{g calcium phos-
phate transfection as previously described.'? To titrate virus
stocks, SupT1 cells were infected by spinoculation using a
concentration of 1-100 pl virus stock/2.5 x 10° cells/0.5 ml
and centrifugated for 2 h at 37°C and 1620 x g. For infection
of cultured Ty cells with HIV-1yg 4.3 or HIV-1 NLENG1-
IRES, cells were infected by spinoculation at a multiplicity
of infection (MOI) of 0.1 using a concentration of 10° cells/
0.5 ml and centrifugated for 2h at 37°C and 162 X g. Prior to
infection of cells with HIV-1yxy4.3, cells were cultured in
standard tissue culture flasks. Following infection of cells
with HIV-1x1.4.3, cells were cultured in either standard tis-
sue culture flasks at a cell density of 10° cells/ml or in 96-
well round bottom plates using a density of 10° cells/100 ul/
well. Prior to infection of cells with HIV-1 NLENGI1-IRES,
cells were cultured in 96-well flat bottom plates using a
density of 2x10° cells/200 ul/well. After spinoculation,
NLENGI-IRES infected cells were cultured in this same
condition.

Removal of productively infected cells
using CD4-positive isolation

Magnetic isolation of CD4-positive cells was achieved
using a Dynabeads CD4-positive isolation kit as described by
the manufacturer (Life Technologies, Cat. #11551D) with the
exception that 75 ul of the «CD4 magnetic bead suspension
was added per 10 cells instead of 25 ul.

Viral reactivation

Then 1-3x10° cells were left untreated, stimulated with
Dynabeads Human T-Activator CD3/CD28 (1 bead/cell, Life
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Technologies, Cat. #11132D), 100nM bryostatin-1 (National
Cancer Institute, CARE pharmacological core), ingenol 3,20-
dibenzoate (Santa Cruz Biotechnology, CARE pharmacological
core), 330 nM SAHA (Merck, CARE pharmacological core), or
10 pug/mL PAM3CSK4 (Invivogen), for 48 h.

Flow cytometry analysis

For analysis of HIV-1y4.3-infected cells, samples were
first stained with cell viability dye (Fixable Viability Dye
eFluor 450, affymetrix, eBioscience, San Diego, CA) at
0.1 ul/1-3 x 10° cells for 15 min at 4°C and then stained, in-
tracellularly, with a conjugated ICp24-FITC antibody
(KC57, Coulter) as previously described."? For the detection
of surface CD4 expression, cells were stained with mouse
antihuman CD4-APC (clone S3.5, Invitrogen). Flow cyto-
metry was performed with a BD FacsCanto II flow cytometer
using FACSDiva acquisition software (Becton Dickinson,
Mountain View, CA). Data were analyzed with Flow Jo
(TreeStar Inc, Ashland, OR).

Assay for infection of indicator cells

On day 17, 100-ul aliquots of cell culture supernatents
were added to 400 ul of MT2 cells (2.5 % 105). MT-2 culture
ART concentrations were matched with those of the in-
noculating cell culture supernatents. Cells were centrifuged
for 2 h at 2,900 rpm at 37°C. Following spinoculation, MT-2
cells were cultured for an additional 48 h in 500 ml of fresh
RPMI. ICp24 was measured by flow cytometry.

PCR analysis

Quantitative polymerase chain reaction (qPCR) for cell-
associated and supernatant HIV-1 mRNA was carried out
according to a recently published protocol.?® Briefly, cultured
cells were counted and pelleted by centrifugation. Aliquots of
10° cells underwent RNA extraction and purification using a
commercial viral RNA isolation kit according to the manu-
facturer’s protocol (Zymo Research). DNase treatment was
performed (Quanta Biosciences) followed by cDNA syn-
thesis using qScript cDNA Supermix containing oligo(dT)
primers and random hexamers according to the manufactur-
er’s protocol (Quanta Biosciences). RNA aliquots that did not
contain reverse transcriptase (no RT controls) were run in
parallel for every sample. Real-time quantitative PCR was
subsequently performed in triplicate on cDNA and RNA (no
RT control) samples using TagMan Universal Master Mix 11
(Applied Biosystems) on a Roche LC480 Real-Time PCR
instrument. Primers and probe used were as follows: forward
primer (5" to 3) CAGATCCTGCATATAAGCAGCTG, re-
verse primer (5" to 3) TTTTTTTTTTTTTTTTTTTTI
TTTGAAGCAC, and probe (5" to 3') FAM-CCTGTACTG
GGTCTCTCTGG-BHQI1. Cycling conditions were as fol-
lows: 50°C for 2 min followed by 95°C for 10 min for poly-
merase activation, followed by 45 cycles of 95°C for 15 s and
60°C for 1 min. Serial 10-fold dilutions of a plasmid con-
taining the HIV-1 3’-LTR (VQA plasmid; obtained from
Greg Laird and Robert Siliciano) from 10° to 1 copy per well
were amplified in triplicate along with unknowns in order to
provide a standard curve and quantify cell-associated viral
mRNA.
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Results

Generation of latently infected cells in the context
of a spreading HIV-1 infection and ART

To generate relevant target cells to study viral latency, we
utilized a previously described cell culture method to induce
in vitro differentiation of Ty, cells by activating peripheral
blood naive CD4" T cells under conditions that block polari-
zation to Th1 or Th2 cells.'*?**® These in vitro differentiated
cells are phenotypically very similar to freshly isolated Ty
cells and are referred to as cultured Tcyy cells.'® We then
exposed cultured Ty cells to replication-competent HIV-
Inp4-3, an X4-tropic virus that encodes a complete HIV-1
genome.” Following inoculation of the culture with HIV-
In14-3 at day 7 postisolation, viral spread in culture was al-
lowed for 6 days. Because cell-to-cell transmission of HIV-1 is
highly efficient in vitro,’® we incorporated a ““cell crowding”
step as described in Materials and Methods. In this method,
cells are cultured in round-bottom wells, which allows them to
cluster by gravity, in contrast to culture in flasks, in which cells
are not confined to a small surface area.

ART was introduced to the cultures, starting at day 13, and
maintained for the remainder of the experiment. ART con-
sisted of either 1 uM raltegravir and 0.5 uM nelfinavir or
1 uM nelfinavir alone. The effectiveness of ART treatment to
block viral spread was confirmed by exposing MT2 cells,>!
used as indicators, to supernatants from the above cultures
and verifying lack of infection (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/aid).

HIV-1np4.3-infected cultures contained significant num-
bers of productively infected cells (i.e., ICp24™) on day 17
(Fig. 1B middle panel). We then wished to ascertain whether
latently infected cells could be detected. To that end, we
removed productively infected cells based on their ability to
potently downregulate the CD4 receptor,*>* as described by
Davis er al.>> We, therefore, isolated cells expressing high
levels of cell surface CD4, which would presumably contain
both uninfected (‘“U’’) and latently infected (“‘L"") cells (Fig.
1B). The magnetic beads were detached from these cells to
prevent any interference with downstream analyses. This
procedure rendered a purity of 98.5 + 1.5% of CD4*1Cp24(")
cells (Fig. 1A shows data for a representative donor out of
nine tested). Latently infected cells and uninfected cells
constitute the positive fraction (‘“UL’’) binding to the mag-
netic beads as they express high levels of CD4, whereas
productively infected cells (““P”’) express low levels of CD4
(Fig. 1B).

We then treated cells in the UL fraction with «CD3/aCD28
beads +IL-2 or with IL-2 alone (baseline) for 48 h in order to
reactivate latent viruses that may be present in this popula-
tion. After reactivation, cells were collected and analyzed for
ICp24 expresion (Fig. 2A and B) and cell-associated HIV-1
RNA (Fig. 2C). Upon stimulation with oCD3/aCD28,
ICp24™ cells consistently increased relative to IL-2 alone
(Fig. 2A). The increase in the protein levels was concomitant
with increased levels of cell-associated HIV-1 RNA (Fig.
2C). We also detected HIV-1 RNA from two culture super-
natants and found 17.5-fold and 3.5-fold inceases in HIV-1
RNA upon stimulation with «CD3/«CD28 (Supplementary
Fig. S2A). This indicates that viral reactivation leads to re-
lease of virions into the medium.
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FIG. 1. Generation of cultured Ty cells latently infected

with HIV-1np4.3. (A) Protocol used for the generation of
latently infected cultured central memory T cell subset
(Tem) cells using HIV-1yy 4.3. From days 0 to 3, naive CD4
T cells were activated with aCD3/aCD28 beads in the
presence of oll.-4, oIL-12, and tumor growth factor (TGF)-
p1. From days 3 to 7, cultured Ty cells proliferated rapidly
and were maintained from 1-3x10° cells/ml. On day 7,
cells were infected with HIV-1xr4.3 and from days 7-10,
cells were cultured in standard tissue culture flasks. From
days 10 to 13, a crowded condition was imposed by culturing
in U-bottom 96-well plates. From days 13 to 17, cells were
cultured in standard tissue culture flasks in the presence of
antiretroviral treatment (ART). (B) Cells from a single blood
donor (Donor 5) were cultured and infected with HIV-1x1 4.3
following Protocol B. On day 17, CD4" cells were isolated
using positive magnetic selection. Cells before isolation are
denoted UPL and purified cells are denoted UL. Cells were
stained with a cell viability dye followed by cell-surface
staining with a CD4-APC antibody then stained intracellu-
larly with a p24-FITC antibody. Dot plots of the viable
fraction are shown. (C) Cultured Ty, cells latently infected
with HIV-1y1 4.3 were generated as indicated in (A). On day
17 HIV-1-infected cells containing uninfected, productively
infected, and latently infected cells (UPL) were subjected to
magnetic isolation based on cell-surface CD4 expression.
CD4" cells contain uninfected and latently infected cells
(UL) and CD4~ cells contain productively infected cells (P).
The UL fraction was treated with either interleukin (IL)-2
alone or IL-2+aCD3/aCD28 for 48 h.

In a comparison of 16 independent infections we noted a
strong linear correlation between the levels of productive and
latent infections. The slope of the graph generated with these
data (Supplementary Fig. S3) is 0.19, which means that in a
typical experiment the ratio between productive and latent
infection frequencies is 6-fold. Therefore, given a certain
level of productive infection, the frequency of latent infection
that will ensue in this model is predictable.
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FIG. 2. Reactivation of HIV-1 from latently infected cultured Ty cells. (A) Fourteen CD4 ™ purified samples were treated
with IL-2 alone or IL-2 + «CD3/aCD28 for 48 h. ICp24 was analyzed by flow cytometry. Significance was calculated using a
two-tailed paired #-test analysis (p values provided). Asterisk indicates data corresponding to dot plot figures in (B). (B)
Representative dot plots of IL-2 and IL-2 + «CD3/aCD28-stimulated UL fractions. (C) Four CD4" purified samples were
treated with IL-2 alone or IL-2 + oCD3/aCD28 for 48 h. CA HIV-1 RNA copies were measured by quantitative polymerase
chain reaction (qQPCR) in triplicate samples. Normalization of cell-associated HIV-1 RNA to a cellular RNA would not be
feasible for the comparison of HIV-1 transcripts produced from quiescent cells to those generated from cells treated with a
strong cell activation stimulus. We, therefore, report HIV-1 RNA values normalized to input cell number. Mean values are
plotted and error bars denote standard deviations. (D) UL fractions were stimulated with 330nM SAHA, 10 pg/ml
PAM3CSK4, 100nM bryostatin-1, 100nM ingenol 3,20-dibenzoate and ICp24 and viability from Donor 5-7 (E) were
measured using flow cytometry. Significance was calculated using a two-tailed paired #-test analysis (p values provided).

Viral reactivation with «CD3/aCD28 in the absence of and 22% average increases relative to «CD3/aCD28, re-

ART led to viral spread in the culture (Supplementary Fig.
S4). Levels of ICp24" cells (Supplementary Fig. S4A) and
cell-associated HIV-1 RNA (Supplementary Fig. S4B) in-
creased after «CD3/aCD28 treatment with levels that were
dramatically higher than those observed for samples cultured
in ART.

To test the potential of this latency model to detect re-
activation by other LRAs commonly used in the field, we as-
sembled a small panel of LRAs that included SAHA,*
PAM3CSK4,” bryostatin-1,>** and ingenol 3,20-dibenzoate*”
and used them to stimulate UL fractions from three or four
blood donor samples (Fig. 2D). We observed increased
levels, although to varying degrees, of ICp24™ cells for all
LRAs tested. Treatment with the PKC agonists bryostatin-1
and ingenol 3,20-dibenzoate resulted in strong reactivation
of latent HIV-1 (62% and 127% average increases relative
to «CD3/aCD28, respectively). However, treatment with
PAM3CSK4 and SAHA resulted in weak stimulation (15%

spectively). Therefore, the relative abilities of known LRAs
to reactivate latent viruses generated through infection by a
replication-competent virus closely resembled those Previ-
ously reported in a system using env-defective virus. 3.38

Establishment of viral latency by a reporter virus
that is replication competent

To facilitate drug discovery efforts, for which higher cell
numbers and more rapid assessment of latency reversal are
desired, we modified the above protocol as follows. We used
the HIV-1yy4.3-derived construct, HIV-1 NLENGI1-IRES,*’
in which the EGFP coding sequence followed by an IRES
element was inserted between the env and nef genes (Fig.
3A). Cells infected with HIV-1 NLENGI1-IRES were crow-
ded for the entire 6-day viral spread period to compensate for
the slower replication of this virus (Fig. 3B). On day 13,2 uM
raltegravir was added to cell cultures. On day 14, cells were
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cells latently infected with HIV-1
NLENGI1-IRES and reactivation of latent
HIV-1. (A) Plasmid used for the genera-
tion of latently infected cells with an
EGFP reporter. (B) Protocol for the gen-
eration of cultured Ty, cells latently in-
fected with HIV-1 NLENGI-IRES. (C)
Cells were cultured and infected with
HIV-1 NLENGI-IRES. On day 14, cul-
tures were treated with IL-2 alone or
IL-2+ «CD3/aCD28 or IL-2 + PHA. EGFP
expression was measured using flow cy-
tometry on day 16. Representative dot plots
are shown for IL-2 and IL-2+aCD3/
aCD28-treated cultures.
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stimulated with IL-2 or IL-2+4aCD3/2CD28 beads for 48 h
and EGFP expression was measured by flow cytometry as a
measure of viral reactivation (Fig. 3C). Treatment with
oaCD3/aCD28 beads resulted in increased production of
EGFP™ cells in all nine samples. PHA treatment resulted in
higher levels of EGFP* cells in approximately half of the
donor samples tested (data not shown).

Discussion

We describe here a primary T cell in vitro model for
studying HIV-1 latency using replication-competent virus
whose spread in culture is suppressed by the addition of ART.
In contrast to previous models used for the study of HIV-1
latency that employ single-round, pseudotyped viruses, this
assay permits the use of full-length HIV-1. It likely that HIV-1
accessory genes influence the establishment of or the re-
activation from latency. For example, we expect that upon
reactivation, HIV-1 accessory genes will downregulate cell
surface markers, such as CD4, tetherin, MHC I, NTBA, CCR7,
and CDld,32’34’4H15 and in this manner HIV-1 may hinder
recognition by effector cells. Since it is now clear that re-
activation of latent HIV-1 is not always followed by recogni-
tion by immune surveillance mechanisms,46 the actions of
accessory proteins during the process of reactivation must be

0.02|
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taken into consideration when testing for CTL and NK killing.
For example, HIV-1-infected cells can escape CTL killing due,
at least in part, to downregulation of MHC-1 by nef.*’ Ad-
ditionally, HIV-1-infected cells may also avoid killing by
natural killer cells through active downregulation of NTBA by
vpu.* Therefore, the model we present here can be adapted for
testing of immune effector mechanisms, with active partici-
pation of the accessory genes.

As previously reported,'? cells that are induced to differ-
entiate in the Tcy lineage express abundant CXCR4.
Therefore, they should be infectable with any X4-tropic or
dual-tropic HIV-1 strains. In contrast, CCRS levels in these
cells are extremely low. If a high level infection with an
RS5-tropic virus is desired, it would be preferable to induce a
Ty, differentiation pathway (in lieu of Tcyy) as previously
shown,'? which induces CCR5 expression.

To facilitate drug discovery efforts, we also describe the
use of a replication-competent HIV-1 virus that expresses
EGFP.?’ Detection of HIV-1 reactivation with this virus does
not require cell fixation or HIV-1 marker staining, but simply
direct flow cytometric analysis. Therefore, the use of the
HIV-1 NLENGI-IRES virus would be ideal for medium- or
high-throughput screening in search of novel LRAs.

One disadvantage of using replication-competent viruses
for the study of latency is that, as we report here, there is a
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background of productively infected cells. We show that this
can be overcome by the removal of CD4(-) cells via magnetic
bead isolation. The result is a population containing both un-
infected and latently infected cells, which is largely devoid of
productively infected ones. Therefore, studies aimed at doc-
umenting the presence or absence of transcription factors and
coactivators at the HIV-1 LTR, as well as studies on the cellular
transcription profiles of latently infected cells, can be under-
taken with minimal contamination from productively infected
cells.

The inability of any single in vitro model of HIV-1 latency
to recapitulate all aspects of in vivo latency™® has spurred our
efforts to develop a system that more closely resembles HIV-1
latency in vivo. To accomplish that, we introduced conditions
that would allow the establishment of latency by a replica-
tion-competent virus whose replication is suppressed by the
presence of ART. This configuration of the assay offers ad-
vantages, such as exclusion of productively infected cells, the
presence of all viral genes, and cell-to-cell transmission of
HIV-1. However, implementation of these features results in
a more laborious assay with increased material costs. A
second variation of the assay uses a virus encoding EGFP,
which allows for a less laborious and less costly method.
These methodologies represent valuable tools for preclinical
discovery and characteriztion of novel LRAs.
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