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ABSTRACT HIV infection requires lifelong antiretroviral therapy because of the per-
sistence of latently infected CD4� T cells. The induction of virus expression from la-
tently infected cells occurs following T cell receptor (TCR) activation, but not all la-
tently infected cells respond to TCR stimulation. We compared two models of
latently infected cells using an enhanced green fluorescent protein (EGFP) reporter
virus to infect CCL19-treated resting CD4� (rCD4�) T cells (preactivation latency) or
activated CD4� T cells that returned to a resting state (postactivation latency). We
isolated latently infected cells by sorting for EGFP-negative (EGFP�) cells after infec-
tion. These cells were cultured with antivirals and stimulated with anti-CD3/anti-
CD28, mitogens, and latency-reversing agents (LRAs) and cocultured with monocytes
and anti-CD3. Spontaneous EGFP expression was more frequent in postactivation
than in preactivation latency. Stimulation of latently infected cells with monocytes/
anti-CD3 resulted in an increase in EGFP expression compared to that for unstimu-
lated controls using the preactivation latency model but led to a reduction in EGFP
expression in the postactivation latency model. The reduced EGFP expression was
not associated with reductions in the levels of viral DNA or T cell proliferation but
depended on direct contact between monocytes and T cells. Monocytes added to
the postactivation latency model during the establishment of latency reduced spon-
taneous virus expression, suggesting that monocyte-T cell interactions at an early
time point postinfection can maintain HIV latency. This direct comparison of pre-
and postactivation latency suggests that effective strategies needed to reverse la-
tency will depend on how latency is established.

IMPORTANCE One strategy being evaluated to eliminate latently infected cells that
persist in HIV-infected individuals on antiretroviral therapy (ART) is to activate HIV
expression or production with the goal of inducing virus-mediated cytolysis or
immune-mediated clearance of infected cells. The gold standard for the activation of
latent virus is T cell receptor stimulation with anti-CD3/anti-CD28. However, this
stimulus activates only a small proportion of latently infected cells. We show clear
differences in the responses of latently infected cells to activating stimuli based on
how latent infection is established, an observation that may potentially explain the
persistence of noninduced intact proviruses in HIV-infected individuals on ART.
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Antiretroviral (ARV) therapy (ART) has dramatically reduced morbidity and mortality,
but treatment is lifelong, and there is no cure. This is because HIV can persist in

long-lived and proliferating latently infected CD4� T cells (1, 2). Latency is established
within days following infection (3) and can be established in multiple different T cell
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subsets (4–6). It is now clear that latently infected cells are a heterogeneous population
of CD4� T cells with different life spans (4), proliferative capacities (4, 7, 8), and
frequencies of intact or defective virus (9, 10). Therefore, eliminating latency through
activation or permanent silencing remains a major challenge.

HIV latency can be established through multiple pathways. Broadly, these pathways
may be defined as preactivation latency, involving the direct infection of resting CD4�

(rCD4�) T cells (11–13), and postactivation latency, involving either infection of acti-
vated cells and reversion to a resting state or direct infection of T cells transitioning
from effector memory to resting central memory cells after T cell receptor (TCR)
stimulation (14–16).

One approach to eliminate or reduce latent infection is to activate HIV production
from latently infected cells to induce virus-mediated cytolysis or immune-mediated
clearance of infected cells. Activation of T cells with anti-CD3/anti-CD28 or a mitogen,
such as phytohemagglutinin (PHA), phorbol 12-myristate 13-acetate (PMA), or ionomy-
cin (8, 17), induces virus expression; however, it is now clear that some latently infected
cells do not respond to a single stimulus but require multiple repeated stimulations
(18). These viruses have no major sequence defects and are now referred to as intact
noninduced proviruses (9, 17, 19). In addition, the frequencies of virus production from
the same stimulus differ across in vitro-derived latently infected cells (20–22) and ex vivo
stimulation of CD4� T cells from HIV-infected individuals on ART (17, 19). These
observations suggested to us that the activation of virus production from latency is not
completely linked to TCR stimulation and that alternative signaling pathways may be
required to reverse latency.

There are multiple paths to HIV expression in activated T cells, which include the
activation of protein kinase C (PKC), calcineurin, nuclear factor of activated T cells
(NFAT) and nuclear factor kappa light chain activator of B cells (NF-�B) signaling
pathways, epigenetic modifiers, and transcriptional regulators (14, 23, 24). Direct
contact between immature monocyte-derived dendritic cells (DCs) (iMDDCs) and la-
tently infected cells has been shown to induce virus expression in activated T cells in
vitro (25). In a similar study screening a group of antigen-presenting cells (APCs),
blood-derived myeloid DCs (i.e., CD1c� and CD141�), gut-associated DCs (CD103�),
and mature myeloid DCs were able to induce virus expression in effector T cells (26).

T cell interactions with antigen-presenting cells initiate TCR signaling (signal 1),
additional costimulatory signaling (signal 2), as well as cytokine signaling (signal 3). The
contributions of costimulation and soluble factors will differ according to the antigen-
presenting cell and the specific T cell subset in the cocultures. Anti-CD3/anti-CD28
provides both TCR signaling and CD28 costimulation, but monocytes and anti-CD3 can
provide similar TCR signaling and CD28 costimulation as well as monocyte-derived
costimulation and soluble factors. Although previous work suggested that T cell
activation pathways initiated by APCs can induce virus expression in latently infected
activated T cells (25, 26), those studies did not determine the effect of APCs on virus
expression from latency established by defined pathways.

In this study, we compared latency reversal in pre- and postactivation models of
latency. We used primary T cells, which differed in activation status at the time of
infection. Using monocytes as APCs, we showed that coculturing latently infected
primary T cells with monocytes and soluble anti-CD3 resulted in a significant increase
in virus expression compared to the spontaneous expression in a preactivation latency
model. Virus expression was significantly greater than that with stimulation with
anti-CD3/anti-CD28. In contrast, in a model of postactivation latency, monocyte/anti-
CD3 stimulation significantly reduced virus expression from latently infected cells
compared to spontaneous expression. To further investigate the effect of the estab-
lishment of the latency on latency reversal, we also tested mitogens and a panel of
latency-reversing agents (LRAs). Our data show that latently infected cells generated via
preactivation and postactivation pathways have different responses to the same stim-
ulation. Furthermore, monocytes actively maintained latency in a postactivation latency
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model. We conclude that effective strategies needed to reverse latency will depend on
how latency is established.

RESULTS
Generation of latently infected primary T cells. The two different primary cell

models of latency were generated by using CD4� T cells isolated from the same donors
to establish preactivation latency (11) and postactivation latency (14). T cells from both
models were infected with replication-competent HIV-1NL4.3 with an enhanced green
fluorescent protein (EGFP) reporter (Fig. 1). In both models, EGFP-negative (EGFP�) cells
were sorted by flow cytometry (FCM) (Fig. 1), and the effects of different activation
stimuli were determined and compared to those in unstimulated cells cultured in
media and with ARVs alone.

The expression of EGFP was detected in the preactivation latency model at day 3
and in the postactivation model at day 1 (see Fig. S1A in the supplemental material).
Productive infection was detected as EGFP expression at day 5 in preactivation latency
and at day 7 in postactivation latency. The level of productive infection was significantly
lower in the preactivation model than in the postactivation model (Fig. 2A). Sorting by
flow cytometry was used to remove EGFP-expressing cells (Fig. S1B). Without the
removal of productively infected cells, the expression of EGFP could not be reliably
detected in the cultures (Fig. S1C). Postsort expression of EGFP was undetectable in
most cultures; thus, the expression of EGFP after stimulation was used as a measure of
inducible latent infection. Following the isolation of EGFP� cells, the level of sponta-
neous EGFP expression in unstimulated cultures was higher in postactivation than in
preactivation latency.

FIG 1 Establishment of pre- and postactivation latency in primary T cells in vitro. (A) Preactivation latency.
Resting CD4� T cells were isolated from PBMCs of healthy blood donors by negative selection using
MACS, pretreated with CCL19 (100 nM) for 24 h, and infected with NL4.3-EGFP at an MOI of 0.5. Further
rounds of infection were blocked by the addition of antiretrovirals at 2 days postinfection and main-
tained during culture. Cells expressing EGFP (EGFP�) were enumerated and removed by FCM sorting at
day 5 postinfection. EGFP expression in EGFP� cells was determined by FCM after activation in the
presence of the antiretroviral. (B) Postactivation latency. Naive T cells were sorted from total CD4� T cells
by negative selection using CD45RO microbeads. Cells were activated with anti-CD3/anti-CD28 beads
with anti-IL-4, anti-IL-12, and TGF-�. Beads were removed at day 3, and cells were expanded in 30 U IL-2
for 4 days. At day 7 postactivation, cells were infected with NL4.3-EGFP. Antiretrovirals were added to the
cultures at 2 days postinfection and maintained during culture. At day 7 postinfection, EGFP-expressing
cells were enumerated and removed by FCM sorting, and EGFP� cells were activated with the same panel
of stimuli used in the preactivation model. EGFP expression was measured at 3 days poststimulation by
FCM. Ral, raltegravir; FACS, fluorescence-activated cell sorter.
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FIG 2 HIV infection and virus reactivation in pre- and postactivation latency. (A) Flow cytometry gating and analysis used
to measure EGFP expression in CD4� T cells using the in vitro latency models. Live cells were defined by forward scatter
(FSC) versus side scatter (SSC). Uninfected T cells were used to detect any background EGFP expression in our system. EGFP
expression was measured against the PE channel. Plots show EGFP expression in mock-infected T cells (uninfected resting
CD4�) with chemokine treatment (�CCL19) or mock-activated T cells (uninfected activated CD4�) and infected T cells
(activated CD4�). (B) Plots representing EGFP expression following activation. Data are shown as percentages of EGFP in
each plot in preactivation (�CCL19 or untreated CD4� T cells) or postactivation latency. Data are representative of results
for a matched sample in one experiment. (C) Frequency of productive infection in infected CD4� T cells measured by EGFP
expression at 5 days postinfection in the preactivation models (CCL19 treated [�] [red open circles] and untreated [�] [blue
open circles]) and at day 7 in the postactivation model (black open circles). (D to F) Induced EGFP expression was measured
following stimulation of sorted EGFP� cells in preactivation latency with CCL19 (D) or without CCL19 (E) and in
postactivation latency (F), using monocytes (mono), monocytes and anti-CD3 (20 �g/ml) (mono�aCD3), PHA (10 �g/ml)
and PMA (50 ng/ml) (PMA/PHA), or PMA and ionomycin (500 ng/ml) (PMA/Iono) as well as plate-bound anti-CD3 (20 �g/ml)
and anti-CD28 (3.6 �g/ml) (aCD3/aCD28) stimulation or culturing with antiretrovirals only (Unstim). EGFP expression was
measured 72 h after coculture. Each dot represents data for a single donor, and the box plots show 25th and 75th
percentiles, medians, and ranges. *, P � 0.05; **, P � 0.01 (as determined by a Wilcoxon matched-pairs signed-rank test).
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In preactivation latency, the frequency of EGFP expression in response to the
activation stimuli was significantly higher than that of spontaneous EGFP expression
(Fig. 2B and C). The levels of infection and the frequency of EGFP expression in response
to anti-CD3/anti-CD28 and the mitogens PMA-PHA and PMA-ionomycin compared to
unstimulated controls were similar in both CCL19-treated and untreated cultures.
Despite similar levels of infection in both T cell cultures, stimulation with monocytes led
to a significantly greater increase in EGFP expression in CCL19-treated cultures than in
cultures without CCL19 (Fig. 2B and C).

In postactivation latency, EGFP expression was significantly increased following
stimulation with anti-CD3/anti-CD28 and PMA-ionomycin (Fig. 2D). The frequency of
EGFP expression following coculture with monocytes or stimulation with PMA-PHA was
similar to that of spontaneous EGFP expression. In contrast, EGFP expression was
reduced after stimulation with monocytes/anti-CD3 compared to the unstimulated
cultures (Fig. 2D).

To assess whether sorting induces virus expression independent of reactivation, in
both latency models, we cocultured EGFP� cells with and without sorting and mea-
sured EGFP expression with and without stimulation with anti-CD3/anti-CD28 (Fig. S1).
Sorting did not change the levels of EGFP expression or the viability of EGFP� cells in
the culture system in the pre- and postactivation latency models.

In summary, we showed that coculture with monocytes/anti-CD3 induced viral EGFP
expression in preactivation latency. However, this stimulation reduced EGFP expression
in postactivation latency.

Monocyte/anti-CD3 stimulation of EGFP expression in preactivation latency. To

understand how monocytes might reduce EGFP expression in postactivation latency
but not in preactivation latency, we compared the effects of irradiated and nonirradi-
ated monocytes with and without anti-CD3 on EGFP expression. In preactivation
latency, there was no statistically significant difference in the frequencies of EGFP
expression using irradiated or nonirradiated monocytes (Fig. 3A and B). In contrast, in
postactivation latency, the use of irradiated monocytes significantly increased the
frequency of EGFP expression with or without anti-CD3 (Fig. 3C). These data suggested
that the inhibitory effect of monocytes in postactivation latency was radiation sensitive.

Since TCR activation in response to anti-CD3 requires cross-linking on the culture
plate or by binding to the Fc receptor expressed on monocytes (27), we next deter-
mined whether the effect of monocytes in our system was due to differences in the
efficiencies of cross-linking of CD3. Sorted EGFP� cells from the postactivation latency
model were cocultured with monocytes in combination with soluble anti-CD3 or with
anti-CD3/anti-CD28 beads (at 1:1 ratios with T cells). We found significantly reduced
EGFP expression from infected T cells if they were cocultured with monocytes with
either anti-CD3 or anti-CD3/anti-CD28 beads (Fig. 3D). Neither anti-CD3 alone nor
anti-CD3/anti-CD28 beads with monocytes were statistically different from unstimu-
lated cells from postactivation latency. These data suggest that the addition of mono-
cytes actively inhibited EGFP expression in cultures in the presence of an activating
signal from anti-CD3 and anti-CD3/anti-CD28 beads.

Monocyte/anti-CD3 induces proliferation in pre- and postactivation latency. To

determine if the inhibition of EGFP expression by monocytes in postactivation latency
was a result of reduced activation and proliferation, sorted EGFP� cells were labeled
with eFluor670, and dye dilution was measured after 3 days of stimulation. Monocytes
were excluded from the FCM analysis using the surface marker CD14 (see Fig. S2 in the
supplemental material). In both models, T cell proliferation was significantly increased
in pre- and postactivation latency following stimulation, with similar rankings of
proliferation across the different activation stimuli (Fig. 4A). The levels of T cell prolif-
eration in response to the addition of monocytes alone, PMA-ionomycin, anti-CD3/anti-
CD28, PMA-PHA, and monocytes–anti-CD3 were significantly higher than those in
unstimulated cultures, as expected (Fig. 4A).
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FIG 3 EGFP expression following the addition of irradiated allogeneic monocytes. EGFP� cells were
sorted and cocultured with allogeneic monocytes with or without soluble anti-CD3 (�, anti-CD3 [20
�g/ml]) in the presence of antiretrovirals. Monocytes were irradiated (�irr) (closed symbols) or nonir-
radiated (�irr) (open symbols) and added to latently infected EGFP� T cells. EGFP expression was
measured at 72 h. (A to C) CCL19-treated (A) or untreated (B) cells and cells during postactivation latency
(C). Each symbol represents data for a single donor. *, P � 0.05; ns, not significant (as determined by a
Wilcoxon matched-pairs signed-rank test). Blue lines indicate the median. (D) Comparison of the
frequencies of induced EGFP expression following stimulation with soluble anti-CD3 with or without
monocytes and anti-CD3/anti-CD28 beads (with or without monocytes) in the postactivation model.
Sorted EGFP� cells were cocultured with soluble anti-CD3 (20 �g/ml) or with anti-CD3/anti-CD28 beads
(1:1 ratio) with and without monocytes in the presence of antiretrovirals. Induced EGFP expression was
measured at 72 h. Each point represents data for a single donor. *, P � 0.05; **, P � 0.01 (as determined
by a Wilcoxon matched-pairs signed-rank test). The median is indicated with a blue line.
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FIG 4 Cellular proliferation and virus expression from sorted EGFP� cells following stimulation. (A) Levels
of cell proliferation following treatment with different stimuli. The sorted EGFP� T cells in the preacti-
vation models (CCL19 treated [�] [open red circles] and untreated [�] [open blue circles]) and
postactivation models were stained with proliferation dye (eFluor670) and then cocultured with alloge-
neic monocytes, with and without anti-CD3, plate-bound anti-CD/anti-CD28, or PMA-PHA and PMA-
ionomycin, or with an antiretroviral alone (unstim). At 72 h postactivation, cellular proliferation was
measured by FCM. Each point represents data for an individual donor; the box plots show 25th and 75th
percentiles, medians, and ranges. *, P � 0.05 (as determined by a Wilcoxon matched-pairs signed-rank
test). (B) EGFP expression in nonproliferating (eFluor670hi) and proliferating (eFluor670lo) cells under each
stimulation condition. Each point represents data for a single donor. *, P � 0.05; ***, P � 0.001 (as
determined by a Wilcoxon matched-pairs signed-rank test). The median is shown as a blue line. (C)
Correlation between EGFP expression and cell proliferation in pre- and postactivation latency, deter-
mined by using Spearman’s rank test. (D) Correlation between the frequency of EGFP expression in
nonproliferating (eFluor670hi) and proliferating (eFluor670lo) cells in both models. Data from all cultures
were pooled, and the level of EGFP expression in nonproliferating (eFlour670hi) cells was plotted against
the level of EGFP expression in proliferating (eFluor670lo) cells in both models.
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We then examined EGFP expression in both proliferating (eFluor670lo) and nonpro-
liferating (eFluor670hi) latently infected cells in the two models (Fig. 4B). In the
preactivation model, differences between the frequencies of EGFP expression from
nonproliferating (eFluor670hi) and proliferating (eFluor670lo) cells did not reach statis-
tical significance, except when monocytes were present in the cocultures (Fig. 4B).

In postactivation latency, we found more-frequent EGFP expression in nonprolifer-
ating (eFluor670hi) cells than in proliferating (eFluro670lo) cells, and these differences
were significant following stimulation with monocytes, PMA-ionomycin, PMA-PHA, and
monocyte–anti-CD3 cocultures (Fig. 4B). The level of EGFP expression from nonprolif-
erating (eFluor670hi) cells was significantly higher in the postactivation latency model
than in matched cultures in the preactivation latency model (Fig. S3A and S3B).

We determined the correlation between T cell proliferation and EGFP expression
after stimulation in the two latency models. There was a significant correlation between
T cell proliferation and EGFP expression in the preactivation model but not in the
postactivation latency model, where the high frequency of EGFP expression was
independent of the level of proliferation (Fig. 4C). In the postactivation model, cocul-
ture with monocytes (with and without anti-CD3) led to a population of cells with high
levels of cellular proliferation and low frequencies of EGFP expression (Fig. 4C).

We then compared the EGFP expression levels of proliferating and nonproliferating
cells in both models (Fig. 4D). In preactivation latency, there was a higher frequency of
EGFP expression in proliferating than in nonproliferating T cells (Fig. 4D). In contrast,
there was a high frequency of EGFP expression in nonproliferating compared to
proliferating cells in the postactivation model (Fig. 4D). A similar pattern was observed
for the distributions of EGFP-expressing cells in proliferating (eFluor670lo) and nonpro-
liferating (eFluor670hi) T cells relative to the levels of T cell proliferation (eFluor670lo)
(Fig. S3C). The observed increase in EGFP expression levels in nonproliferating cells and
the decreased expression levels in proliferating cells in postactivation latency could be
attributed to a preferential expansion of noninfected cells and progressive enrichment
for EGFP expression in nonproliferating cells (Fig. S3C).

Since CCL19 is the homeostatic ligand of CCR7 (28) and can inhibit T cell prolifer-
ation (29), we compared the distributions of EGFP-expressing cells in nonproliferating
(eFluor670hi) and proliferating (eFluor670lo) CCL19-treated CD4� T cells. There was no
statistically significant difference in the frequency of nonproliferating (eFluor670hi) cells
treated with CCL19 (Fig. S4). However, there was a significant reduction in the fre-
quency of EGFP-expressing cells among proliferating cells in the presence of CCL19
treatment (Fig. S4). This finding supports our previous work whereby the treatment of
CD4� T cells with CCL19 can lead to increased latent infection and a reduction in
spontaneous virus expression (21, 30); thus, subsequent preactivation latency was
established in the presence of CCL19.

Spontaneous expression from latency correlates with productive infection.
Low-level transcription from latently infected T cells, as measured by cell-associated
unspliced HIV RNA, has been described for HIV-infected individuals on suppressive ART
(31–33). In addition, in vitro, the spontaneous expression of either EGFP or Gag without
exogenous stimulation has been demonstrated (34, 35). We found a significantly lower
frequency of spontaneous EGFP expression in the preactivation latency than in the
postactivation latency model with matched donors (Fig. 5A).

We examined the relationship between the frequency of spontaneous EGFP expres-
sion and the frequency of productively infected cells (productive infection) prior to the
isolation of the EGFP� cells in both in vitro latency models (Fig. 5B). There was no
significant correlation within the models, but when the two models were combined, we
found a significant correlation between productive infection and the spontaneous
expression of EGFP (Fig. 5B). We found no relationship between postsort and sponta-
neous EGFP expression levels (Fig. 5C) or between productive and postsort EGFP
expression levels (Fig. 5D). These data are potentially consistent with spontaneous EGFP
expression representing cells that are on their way to productive infection. However,
given that we used ARVs early after infection to block further rounds of infection, the
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FIG 5 Postsort spontaneous EGFP expression is associated with higher-level productive infection. (A) The
level of spontaneous EGFP expression from infected cells was measured 72 h after coculture of sorted
EGFP� cells with antiretrovirals only. Each point represents data for an individual donor; the box plots
show 25th and 75th percentiles, medians, and ranges. ****, P � 0.0001 (as determined by a Mann-

(Continued on next page)
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direct relationship between productive and subsequent spontaneous EGFP expression
may represent a continuing stochastic process of EGFP expression from latency.

Responses to latency reversal in pre- and postactivation latency. We deter-
mined whether the reversal of latent infection with commonly used LRAs also differed
in pre- and postactivation latency. Latently infected cells in both in vitro models were
stimulated with a panel of LRAs, including the histone deacetylase (HDAC) inhibitors
panobinostat (Pan) and romidepsin (Rom), the bromodomain and extra-terminal motif
(BET) bromodomain inhibitor JQ1, the �c chain cytokine interleukin-7 (IL-7), the PKC
agonist bryostatin-1 (Bryo-1), and the nonspecific histone lysine methyltransferase
enzyme chaetocin (CTN) (see Fig. S5 in the supplemental material). In preactivation
latency, EGFP expression was detected after stimulation with romidepsin and anti-CD3/
anti-CD28, as expected. The level of EGFP expression was significantly above the
background level detected in dimethyl sulfoxide (DMSO)-treated cultures (Fig. S5).
Stimulation with bryostatin-1, JQ1, and panobinostat induced a 3-fold increase in EGFP
expression levels compared to those with DMSO treatment, while IL-7- and CTN-treated
cultures induced minimal increases in EGFP expression levels above the background
level (Fig. S5).

In postactivation latency, there was no significant increase in EGFP expression after
stimulation with bryostatin-1, romidepsin, and anti-CD3/anti-CD28 compared to back-
ground expression levels with DMSO (Fig. S5). The matched samples in the pre- and
postactivation latency models showed significantly different responses to LRAs. There
was a significant response to the HDACs panobinostat and romidepsin and to JQ1 in
the preactivation model compared to the postactivation model (Fig. S5C). These data
suggest that latency may be less critically dependent on epigenetic control in postac-
tivation latency than in preactivation latency. Alternatively, these drugs may have
different rates of uptake or pharmacodynamics in these two models.

Activation increases the proportion of latently infected cells expressing EGFP
in preactivation latency. Possible explanations for the low frequency of EGFP expres-
sion in proliferating cells in postactivation latency and the apparent decrease in
EGFP expression after monocyte/anti-CD3 stimulation are (i) active suppression of virus
expression during the proliferation of T cells responding to stimulation, (ii) preferential
expansion of uninfected T cells to give an apparent decrease in EGFP expression simply
through dilution during the expansion of predominantly uninfected T cells, or (iii)
preferential cell death in uninfected nonproliferating cells. To address this question, we
compared EGFP expression to the frequency of HIV DNA in these cultures. We expected
a higher frequency of latency measured by HIV DNA than by EGFP expression in
cultures. Second, we expected that the frequency of HIV DNA would decline or remain
unchanged following T cell proliferation in the presence of ARVs if latently infected cells
proliferated and productive infection was associated with reduced cell survival.

In the preactivation latency model, a significant reduction in the frequency of HIV
DNA was observed after stimulation with monocytes–anti-CD3 and anti-CD3/anti-CD28,
which coincided with an increase in the frequency of EGFP expression (Fig. 6A and B).
By expressing the frequency of EGFP-positive (EGFP�) cells as a fraction of HIV DNA
(EGFP/DNA), we showed that 24.6%, 54.6%, and 94.3% of the total infected cells
expressed EGFP upon stimulation with monocytes–anti-CD3, PMA-ionomycin, and
anti-CD3/anti-CD28, respectively (Fig. 6C).

In postactivation latency, there was no significant change in the proportions of
EGFP-expressing cells in T cells following activation, and in keeping with the above-

FIG 5 Legend (Continued)
Whitney test). (B) Correlation between EGFP� productively infected T cells and EGFP expression from
sorted EGFP� cells (spontaneous expression) 72 h after stimulation with monocytes, monocytes–anti-
CD3 (20 �g/ml), PHA (10 �g/ml)–PMA (50 ng/ml), PMA–ionomycin (500 ng/ml), plate-coated anti-CD3 (20
�g/ml)/anti-CD28 (3.6 �g/ml), or antiretrovirals only. (C) Comparison of induced EGFP expression after
stimulation and spontaneous expression (unstimulated expression). (D) Correlation between EGFP�

productively infected cells and induced EGFP expression. Each point represents data for a single donor;
correlations were determined by Spearman’s rank test.
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described observations of high levels of spontaneous expression, a high proportion of
EGFP expression compared to HIV DNA was detected in unstimulated cultures, i.e.,
49.8% compared to 37.4% in anti-CD3/anti-CD28-treated cultures and 62.2% in PMA-
ionomycin-treated cultures. The lowest proportions of EGFP expression compared to
HIV DNA were observed in monocytes with and without anti-CD3 (23.6% and 38%,
respectively) (Fig. 6C).

These data suggest that in the postactivation model, the reduction in the levels of
EGFP expression following stimulation might be due to the active suppression of virus
expression. However, our analysis does not take into account the distribution of latently
infected cells between proliferating and nonproliferating T cells. The high levels of
proliferation, the high levels of HIV expression in nonproliferating T cells, and the low
levels of HIV expression in proliferating T cells may be explained by a partitioning of
infected cells into the nonproliferating population and a loss of infected cells from
proliferating cells through either cell death or the preferential expansion of uninfected
cells.

Suppression of virus expression by APCs during establishment of latency. Since
monocytes seem to prevent latency reversal in postactivation latency (Fig. 2C and 3),
we next determined if direct contact between monocytes and T cells during the
establishment of latency would reduce the high frequency of spontaneous expression
in postactivation latency. Syngeneic monocytes were added directly or via transwells to
cultures of infected T cells at day 2 postinfection. The EGFP expression level was
compared to those in cocultures where latency was established in the absence of
monocytes (T cells alone and PMA-ionomycin-activated T cells) (Fig. 7A). We did not
find any significant differences in the frequencies of productive infection with and

FIG 6 Stimulation increases EGFP expression from T cells containing HIV DNA in preactivation latency.
Sorted EGFP� cells from pre- and postactivation latency were cocultured with and without stimuli in the
presence of antiretrovirals. (A) Total HIV DNA was measured 72 h after stimulation by using real-time PCR
targeting gag 5= long terminal repeat (LTR) primers. (B) The number of EGFP-expressing cells was
measured by FCM. Each dot represents data for an individual donor, and the box plots show 25th and
75th percentiles, medians, and ranges. *, P � 0.05; **, P � 0.01 (as determined by paired Student’s t test).
(C) Overlay bar graphs showing the number of EGFP-expressing cells compared to total HIV DNA/latent
infection. The proportion (percentage) is indicated by the numerical ratio of EGFP-expressing cells per
total latent infection. Bar graphs show medians and interquartile ranges.
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without monocytes, except when monocyte-derived macrophages (MDMs) were used
as APCs (Fig. 7B). Spontaneous EGFP expression was reduced in T cells cocultured
directly with monocytes during the establishment of latency, but this effect was not
observed in the presence of a transwell (Fig. 7C). The frequency of spontaneous EGFP
expression in T cell-monocyte cocultures was significantly lower than that in T cells
cultured alone (Fig. 7C).

To determine if the reduction of spontaneous EGFP expression was monocyte
specific, we also measured the frequency of spontaneous EGFP expression from cul-
tures where syngeneic MDMs and irradiated Epstein-Barr virus (EBV)-transformed B cells
(C1R) were used as APCs. Like monocytes, coculture with C1R cells significantly reduced

FIG 7 Coculturing of APCs with activated infected T cells during establishment of latency inhibits subsequent inducible EGFP expression. (A)
Infected T cells in postactivation latency were cocultured with APCs directly or in the bottom reservoir of a transwell system from day 2
postinfection. Antiretrovirals were added at the same time, and cells were cultured for 5 days. At day 7 postinfection, the EGFP� cells were sorted
and cultured with or without stimulation. EGFP expression was measured by FCM. (B) Numbers of productively infected EGFP-expressing cells
from APC-treated cultures with transwells (open squares) or without transwells (closed squares) and activation-induced expression compared to
the number of productively expressing cells among T cells alone (open circles) and PMA-ionomycin-treated T cells (closed circles). The median
is shown as a blue line. *, P � 0.05 (as determined by a Wilcoxon matched-pairs signed-rank test). Each dot represents data for an individual donor.
APC cocultures during establishment of latency are shown by gray shading. (C) Numbers of spontaneous EGFP-expressing cells from T cells alone,
APC cocultures, and mitogen-activated T cell cultures. The median is shown as a blue line. *, P � 0.05 (as determined by a Wilcoxon matched-pairs
signed-rank test). APC cocultures during establishment of latency are shown by gray shading. (D) Numbers of induced EGFP-expressing cells
following stimulation with monocytes, monocytes and anti-CD3 (20 �g/ml), and PMA (50 ng/ml)–ionomycin (500 ng/ml) compared to the level
of EGFP expression following the same stimulation in cultures with CD4� T cells alone or mitogen-treated T cells. Each point represents data for
a single donor. The median is shown as a blue line. *, P � 0.05 (as determined by a Wilcoxon matched-pairs signed-rank test). APC cocultures
during the establishment of latency are shown by gray shading.
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spontaneous expression from unstimulated cultures compared to that in cultures
without APCs (Fig. 7C). We did not find a significant difference in the levels of
spontaneous expression of EGFP when we used MDMs as APCs. These data suggest that
both monocytes and C1R cells reduce spontaneous HIV expression from latently
infected cells during direct contact.

We then looked at virus expression following the stimulation of latently infected
cells generated during APC-T cell coculture (Fig. 7D). The direct interaction of infected
T cells with both MDMs and C1R cells significantly reduced the induction of EGFP
expression from latently infected cells in response to monocytes and mitogens com-
pared to matched cultures when the interaction was blocked by using a transwell
(Fig. 7D). Interestingly, we did not find a significant difference in induced EGFP
expression from latently infected cells cocultured with syngeneic monocytes during the
establishment of latency (Fig. 7D). These data showed that while the direct interaction
between T cells and monocytes reduced spontaneous expression from latently infected
cells, this interaction had no effect on virus expression in response to activation signals.

Taken together, these data suggest that in the context of activated T cells, a direct
interaction between APCs and T cells during the establishment of infection could
maintain latency in T cells by reducing the frequency of spontaneous virus expression.

DISCUSSION

It is now well established that the major barrier to HIV cure is the pool of replication-
competent virus that persists in latently infected cells (9). In this study, we compared
HIV latency that was established through two different pathways: preactivation and
postactivation. In both models, we added entry and integrase inhibitors to block
spreading infection and generate a synchronous culture, including only cells that had
been infected at least 3 to 5 days before sorting. This strategy was adopted to mimic
a single round of replication. It minimized the likelihood of EGFP expression in these
cells from permissive recently infected cells captured immediately before the onset of
viral antigen expression.

The preactivation model of infection of resting T cells with CCL19 used in this study
was slightly modified from the one described in our previous publications (11, 30). We
showed previously that CCL19-enhanced entry into resting cells can vary across donors
and is highly dependent on the multiplicity of infection (MOI) of the infecting virus (36).
The present study differed from our previous studies, as here we used an EGFP-
expressing virus, normalized by the 50% tissue culture infective dose (TCID50) in a
limiting-dilution assay, rather than wild-type virus normalized by the reverse transcrip-
tase (RT) activity of the transfection stock. We also used higher concentrations of CCL19
(100 nM) and IL-2 (10 U/ml). It is well known that virus at high titers can enhance HIV
entry into resting CD4� T cells by chemokine receptor stimulation (37–40). The polar-
ization of lymphocytes after the addition of virus is consistent with chemokine receptor
signaling by the infecting virus, and we therefore assume that a higher inoculum of
virus added to resting cells could attenuate the requirements for signaling by an
exogenous chemokine (41).

We have shown markedly higher frequencies of productive infection and sponta-
neous virus expression in postactivation latency than in the model of preactivation
latency that we used here. The responses of latent infection to LRAs, mitogens, and
monocytes–anti-CD3 differed between the two models, and some of these observa-
tions could be attributed to the differences in how latency was established and the
levels of proliferation of latently infected T cells receiving activation signals.

We showed previously that the underlying mechanism by which latency is main-
tained in preactivation latency is due to the block in virus expression postintegration
(21, 41). The mechanism for maintaining latency during postactivation latency is less
clear. However, the critical observation in this study was the detection of much higher
frequencies of productive and spontaneous EGFP expression in the postactivation
model than in the preactivation model. The correlation between productive infection
and spontaneous expression (EGFP expression from unstimulated sorted EGFP� cells)
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suggests that spontaneous expression from latency may represent similar mechanisms
controlling virus expression before and after the sorting of latently infected T cells.

Previous studies of gene expression in individual cells have shown that both allelic
expression (42) and transcriptional bursting (43, 44) are mechanisms that control gene
expression in mammalian cells. The control of gene transcription in latent human T cell
leukemia virus type 1 (HTLV-1) infection has shown that retroviral gene expression
occurs by a process of burst expression (45). For clonally expanded cells infected with
HTLV-1, latency is determined by a balance between the burst expression of Tax and
the low-level, persistent expression of HTLV-1 basic leucine zipper factor (HBZ) (45).
During reactivation of latent HIV infection, levels of HIV expression depend on both the
frequency of bursting and the burst size (46–48). The burst size and frequency are in
turn determined by the availability of transcriptional factors (48, 49), which may differ
in pre- and postactivation latency models. Compared to resting CD4� T cells, activated
T cells are subject to bimodal fluctuations of gene expression, dynamic and continuous
changes in the gene’s promoter from activated as “on” to a repressed gene as “off” (50).
This would allow the positive HIV Tat feedback loop to initiate virus expression (51)
more frequently in the postactivation model, resulting in more-frequent productive and
spontaneous expression than that during preactivation latency. Therefore, expression
from latency might be more frequently associated with a transcriptional burst in the
postactivation model than in the preactivation latency model.

In the analysis of the two different latency models, we used a panel of stimuli to
activate latent HIV. This included TCR stimulation to activate virus expression from
latently infected cells. In vivo, the TCR on CD4� T cells binds to the major histocom-
patibility complex (MHC) expressed on APCs. In our in vitro analysis, we found clear
differences between the two latency models in relation to the effects of interactions
with an APC. The interaction of latently infected cells with both monocytes and C1R
cells reduced the transcriptional burst in the postactivation latency model. The APC-T
cell interaction depended on both cell-to-cell contact and functional APCs, as the
inhibitory effect of monocytes was lost with irradiation. The induction of virus expres-
sion from latency during interactions with antigen-presenting cells, like monocytes,
requires membrane-proximal steps (52), which suggests a contact-dependent inhibi-
tion of virus expression following coculture of latently infected cells with monocytes in
postactivation latency.

The correlation between cellular proliferation and virus expression was evident in
the preactivation model. In contrast, in the postactivation model, high levels of T cell
proliferation were associated with low levels of virus expression, particularly following
TCR signaling in the presence of monocytes. This was seen at the single-cell level by
flow cytometry and could be partially but not completely explained by an expansion of
uninfected cells. Although it is critical to determine the frequency of noninduced
latently infected cells among proliferating T cells, the specificity of the effect on
monocyte-containing cultures suggests that APC-derived interactions could maintain
latency by suppressing EGFP expression in postactivation latency despite activation and
proliferation. This observation is in agreement with data from our previous work (35).
Coculture of myeloid cells with T cells at the time of infection maintained latency in
nonproliferating T cells in a model of postactivation latency (35). Our study suggests
that there is ongoing expression from latently infected cells in both pre- and postac-
tivation latency albeit with different frequencies. We have modeled these observations
in Fig. 8.

In our previous study, using transcriptome sequencing (RNA-seq) analysis of APC-T
cell cocultures, we identified 4 surface proteins, including members of the sialic
acid binding immunoglobulin-type lectin (SIGLEC) family, the C-type lectin domain-
containing (CLEC) family, the leukocyte-associated immunoglobulin-like receptor
(LILRA) family, and the G-protein-coupled receptor (GPCR) family (35). Molecules from
the SIGLEC family are able to inhibit T cell activation (53). In addition, transcriptome
analyses of the genes in macrophages (54, 55), monocytes (54, 55), and C1R cells
(56–58) have shown the upregulation of calcium binding protein genes, including
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fibrillin 2 (FBN2), desmocollin 2 (DSC2), thrombospondin 1 (THBS1), nuclear factor
erythroid 2 (NFE2), stabilin 1 (STAB1), versican (VCAN), and calmodulin binding neuro-
granin (NRGN), which, apart from mediating cell-to-cell contact, are able to facilitate
extracellular calcium binding and increase calcium-dependent physiological responses,
including proliferation in resting CD4� T cells. APC-T cell interactions may activate a
negative-feedback loop of the calcium-calcineurin pathway, resulting in the reduction
of activation signals in activated T cells (59) and contributing to the reduction of virus
expression from latency during postactivation latency.

Our observation of reduced HIV expression when some latently infected T cells
interact with monocytes suggests that disrupting the interaction between APC and T
cells could be targeted to reverse latency. In this study, we did not further define these
interactions, but the more profound negative effect of APCs seen in postactivation
latency suggests that immune checkpoints may be involved, as we have recently
shown by blocking PD-1 in vivo and in vitro (60; V. A. Evans, unpublished data).

There are some limitations to this study. We used an EGFP reporter virus to define
productive infection following initial infection and to measure spontaneous and
activation-induced virus expression from latency. Although the EGFP reporter virus
provides a useful tool to study virus expression, measurement of EGFP expression using
FCM represents intracellular viral protein expression but does not directly measure virus

FIG 8 Model of inducible and spontaneous EGFP expression in pre- and postactivation latency. Resting
CD4� T cells were directly infected with an EGFP reporter virus, or naive T cells from the same donors
were infected after TCR stimulation and the generation of memory T cells. Infected T cells were
maintained with antiretrovirals from day 2 postinfection. EGFP-expressing cells were quantitated as
productive infection at days 5 to 7 postinfection, and sorted EGFP� cells were recultured with and
without an activating stimulus. In preactivation latency, there were low levels of productive and
spontaneous expression and high levels of induced expression. High frequencies of productive
and spontaneous EGFP expression were found in postactivation latency, while spontaneous and induced
expression levels were similar. Monocytes inhibited EGFP expression when present during the activation
of sorted EGFP� cells but also reduced spontaneous and induced expression when cultured during the
initial establishment of latency.
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production and the completion of the virus life cycle. However, we previously showed
a correlation between EGFP expression and virus production (21) in the preactivation
model.

In addition, we detected different frequencies of spontaneous EGFP expression from
latently infected cells in the two in vitro latency models. A potential explanation for this
observation is that by using EGFP expression as the readout of latency or productive
infection in vitro, we may be including cells that may express viral mRNA but not
detectable viral protein/EGFP. The sorted EGFP� cells may contain mixed populations
of RNA� EGFP� and RNA� EGFP� cells. The likelihood of RNA� EGFP� cells proceeding
to spontaneous EGFP expression may be high. We have tried to minimize this potential
confounder by adding antiretrovirals to the cultures shortly after infection, but the use
of a dual-reporter virus for measuring the frequency of latent and inducible proviruses
would help define these populations more clearly. For the viruses in the present study,
however, the expression of the marker for latency is variable (61). Alternatively, screen-
ing of the EGFP-negative population for RNA expression using single-cell hybridization,
which has been developed recently, to remove RNA� EGFP� cells (62) would enable
enrichment for the EGFP� latent population in vitro.

In conclusion, we have shown differences in responses to stimulation when mono-
cytes are included in cocultures during pre- and postactivation latency (Table 1). The
presence of APCs in the cocultures during the establishment of latency or during
latency reversal was able to control virus expression independent of induced prolifer-
ation. This suggests that signaling beyond the TCR and CD28 are important for
maintaining latent infection.

The observed differences between pre- and postactivation latency and the different
responses to latency reversal suggest that the pathway by which latency is established
may determine optimal signals for the reactivation and subsequent clearance of
latently infected cells. The activation status of the T cells at the time of infection may
be independent of the ability to establish latent infection, but the maintenance of
latency will depend on factors that drive or inhibit latency reversal. The stochastic
process of spontaneous activation in postactivation latency may drive the persistence
of latency and the final repertoire of cells that constitute the latent reservoir.

MATERIALS AND METHODS
Cell isolation and culture. RPMI 1640 medium (Invitrogen, Carlsbad, CA) was supplemented with 2

mM L-glutamine, 100 U/ml penicillin, and 0.1 �g/ml of streptomycin plus 10% heat-inactivated fetal calf
serum (FCS) (Lonza, Collingwood, Australia) to make RF10 or 10% heat-inactivated human serum to make
RH10.

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque density gradient centrif-
ugation (GE Healthcare, Chalfont St. Giles, UK) from buffy coats obtained from the Australian Red Cross
Blood Service (Southbank, Melbourne, Australia). Resting CD4� T cells were negatively selected by
magnetically activated cell sorting (MACS) using goat anti-mouse IgG beads (Miltenyi Biotec, Cologne,
Germany) and the AutoMACS Pro system (Miltenyi Biotec), using a cocktail of antibodies to CD8, CD19,
CD11b, CD14, CD16, HLA-DR, and CD69, as previously described (11, 30). The purity of the isolated rCD4�

T cells was always �95%, as assessed by FCM.
Naive T cells were negatively selected from resting CD4� T cells using CD45RO beads and magnet-

ically activated cell sorting. Allogeneic monocytes were positively selected by using CD14 antibody
(FMC17 hybridoma supernatant, provided by Heddy Zola, Flinders Medical Centre) and goat anti-mouse

TABLE 1 Summary of differences found in responses to reactivation between in vitro
latency models

Observation

Response in in vitro latency model

Preactivation Postactivation

Spontaneous virus expression Low High
Response to monocyte–anti-CD3 stimulation High Low
Response to LRAs Moderate Low
Proliferative response to activation Moderate High
Correlation between proliferation and expression Yes No
Induced expression in nonproliferating cells Low High
Induced expression in proliferating cells Moderate Low
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IgG beads (Miltenyi Biotec) on a MACS cell sorter. MDMs were differentiated from monocytes following
culture in human-serum-containing medium (RH10) for 8 days.

The EBV-transformed B cell line C1R (provided by Lyudmila Kostenko, McCluskey Lab, The Peter
Doherty Institute) was cultured in RF10.

Preparation of HIV and infection. The Nef-competent HIVNL4.3 construct with EGFP inserted at
positions 8787 to 9506 between the Env and Nef regions (pNL4.3-EGFP) was kindly provided by Yasuko
Tsunestsugu-Yokota (National Institute of Infectious Diseases, Tokyo, Japan) (63). The virus stock was
generated by using FuGene (Promega, Madison, WI) transfection into 293T cells, as previously described
(16, 30). The MOI was determined by an endpoint dilution assay in PHA-activated PBMCs, and the TCID50

was calculated as described previously (64).
In vitro latency assays. To establish preactivation latency, rCD4� T cells were isolated and cultured

in medium alone or with the chemokine CCL19 at a final concentration of 100 nM (R&D, Minneapolis, MN)
for 24 h prior to infection (11, 30, 36). Cells were infected with NL4.3-EGFP at an MOI of 0.5 and cultured
with IL-2 (10 U/ml). The postactivation model was adapted from a method reported previously (14, 65),
in which 5 � 105 naive T cells were isolated from rCD4� T cells of healthy PBMCs and activated with
anti-CD3/anti-CD28 beads at a ratio of 1:1, according to the manufacturer’s protocol (Dynal/Invitrogen).
Nonpolarized CD4� memory T cells were generated by the addition of anti-IL-4 (1 �g/ml; BD Biosciences,
San Jose, CA), anti-IL-12 (2 �g/ml; BD Biosciences), and recombinant human transforming growth factor
� (TGF-�) (10 ng/ml; R&D). The medium was further supplemented with 10% human serum and 200 U/ml
IL-2 (Roche, Mannheim, Germany). After 3 days, beads were removed by using DynaMag-Spin (Dynal/
Invitrogen), and cells were cultured at a concentration of 1 � 106 cells/ml of medium containing IL-2 (30
U/ml). Cells were infected with the same virus stock at the same MOI. In both pre- and postactivation
latency, the antiretroviral integrase inhibitor raltegravir (Ral) (1 �M) and the fusion inhibitor T20 (0.1
�g/ml; AIDS Reagent Program, National Institutes of Health, Germantown, MD) were added to each
culture at 48 h postinfection to block further rounds of infection.

At day 5 postinfection in the preactivation model and at day 7 in the postactivation model, cells
expressing EGFP (designated productive infection) and EGFP-negative cells (designated latent infection)
were quantitated, and the EGFP� cells were sorted by using FCM (MoFloAstrios; Beckman Coulter, Brea,
CA). The EGFP� cells (latent infection) were recultured without stimulation to detect background or
spontaneous expression or with different activation stimuli to detect activation-induced EGFP expression
(induced expression) (Fig. 1).

The sorted non-EGFP-expressing cells were cocultured in medium supplemented with antivirals only
or stimulated on plates coated with anti-CD3 (20 �g/ml of anti-human CD3�, clone UCHT1; BD
Biosciences), soluble anti-CD28 (3.6 �g/ml, clone L293; BD Biosciences), or anti-CD3/anti-CD28 beads (1:1
ratio; Dynal/Invitrogen) and mitogens, including PMA (50 ng/ml; Sigma-Aldrich, St. Louis, MO) combined
with ionomycin (500 ng/ml) or PHA (10 �g/ml; Thermo Fisher Scientific, Waltham, MA), Pan (30 nM;
Selleck Chemicals, Houston, TX), Rom (40 nM; Selleck Chemicals), JQ1 (1 �M; Sigma-Aldrich), CTN (10 nM;
Sigma-Aldrich), IL-7 (50 ng/ml; Sigma-Aldrich), or Bryo-1 (10 nM; Selleck). The frequencies of EGFP
expression from unstimulated or DMSO control cultures were used as a measure of background or
spontaneous expression.

Monocytes were used with T cells at 1:10 ratios either alone or with soluble anti-CD3 (20 �g/ml; BD
Biosciences). For some experiments, allogeneic monocytes were irradiated with cobalt 60 (60Co) at 3,000
rads before coculturing with latent cells.

All the reactivation experiments were performed in the presence of raltegravir and T20. After 72 h,
the EGFP expression level was quantified by FCM and compared to that in unstimulated cultures.
Monocytes were excluded from the analysis by using phycoerythrin (PE)-conjugated anti-CD14 (BD
Biosciences).

Coculture of HIV-infected T cells with APCs. To reduce spontaneous virus expression in the
postactivation latency model, HIV-infected CD4� T cells were cocultured with syngeneic monocytes,
syngeneic MDMs, and the irradiated EBV-transformed B cell line C1R. APCs were added to the cultures
at 48 h postinfection with infected T cells at 1:10 ratios. The level of spontaneous EGFP expression in
unstimulated cultures was measured. In some experiments, as indicated, direct interactions between
APCs and infected T cells were blocked by culture in a transwell (0.4-�m Costar plates; Corning, NY).

Measurement of HIV infection and reactivation by flow cytometry. Infection in the cell cultures
was monitored by EGFP expression using FCM performed on a FACSCalibur (BD Biosciences) or an LSRII
(BD Biosciences) instrument. Cell sorting of HIV-infected cells was performed by using an Astrios cell
sorter (Beckman Coulter, CA). CellQuest version 3.0 (BD Biosciences), FACSDiva version 8.0.2 (BD
Biosciences), or Summit version 6.3 (Beckman Coulter) was used for acquisition, and Weasel software
version 3.3 was used for analysis. Routinely, 50,000 to 100,000 events were collected per sample. Live
gating was based on forward-versus-side-scatter plots, and in some experiments, cell viability was
determined by using the eFluor780 fixable viability dye (Affymetrix-eBioscience, San Diego, CA). EGFP
expression was reported as the number of EGFP-positive cells per 10,000 live cells.

Measurement of cell proliferation. The sorted EGFP� cells were stained with eFluor670 prolifera-
tion dye (Affymetrix-eBioscience) prior to coculture, according to the manufacturer’s protocol. Briefly,
EGFP� cells were washed and resuspended in medium containing proliferation dye at a final concen-
tration of 5 �M. Cells were incubated at 37°C for 10 min. After incubation, cells were washed with cold
RPMI (10% FCS) and cultured. The levels of proliferation in each culture were measured at 72 h
postactivation by FCM. Proliferation was quantitated by using Weasel cell cycle analysis (v3.3) and
compared to that in unstimulated cultures.
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Quantitative PCR assays for HIV. The HIV DNA level was quantified as described previously (66).
Briefly, a total of 5 � 105 to 1 � 106 EGFP� cells were sorted and cultured with antiretrovirals alone or
cocultured with allogeneic monocytes, allogeneic monocytes and soluble anti-CD3 (20 �g/ml), or
anti-CD3/anti-CD28 beads (1:1 ratio). At 72 h postactivation, cells were collected, washed, and pelleted
at 16,000 � g for 5 min. Cell pellets were resuspended in lysis buffer (0.1 M Tris HCl [pH 8], 0.5 M KCl,
10 mg/ml proteinase K, double-distilled water [ddH2O]) (67, 68) and digested for 1 h by using a thermal
cycler (Bio-Rad, Hercules, CA) following incubation at 56°C for 60 min and at 95°C for 10 min. Total HIV
DNA was amplified in 50 �l of the reaction mix. Data were collected with the Stratagene MX3005 pro
real-time PCR system (Agilent Technologies). Primers specific for the human CCR5 genes were used to
quantify the number of cells per reaction. The copy number of HIV DNA was quantified by using a 10-fold
serial dilution of a chronically infected HIV cell line, ACH2, ranging from 2 � 100 to 2 � 104 copies of HIV
DNA and reported per million CCR5 cells.

Statistical analysis. The Wilcoxon matched-pairs signed-rank test was used for all the paired
analyses between samples, and the Mann-Whitney test was used for nonpaired analysis, when the
number of data points was more than 6. When the numbers of data points were 6 or fewer, we used
Student’s paired or unpaired t test. Spearman’s test was used to determine correlations. Statistical
analysis was performed by using Graph Pad Prism v 6.0 (GraphPad Software, La Jolla, CA) or R (version
3.3.2) (69).
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