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Reactivation from latency requires reinitiation of viral gene
expression and culminates in the production of infectious prog-
eny. The major immediate early promoter (MIEP) of human
cytomegalovirus (HCMV) drives the expression of crucial lytic cycle
transactivators but is silenced during latency in hematopoietic
progenitor cells (HPCs). Because the MIEP has poor activity in HPCs,
it is unclear how viral transactivators are expressed during
reactivation. It has been presumed that viral gene expression is
reinitiated via de-repression of the MIEP. We demonstrate that
immediate early transcripts arising from reactivation originate pre-
dominantly from alternative promoters within the canonical major
immediate early locus. Disruption of these intronic promoters re-
sults in striking defects in re-expression of viral genes and viral
genome replication in the THP-1 latency model. Furthermore, we
show that these promoters are necessary for efficient reactivation
in primary CD34+ HPCs. Our findings shift the paradigm for HCMV
reactivation by demonstrating that promoter switching governs
reactivation from viral latency in a context-specific manner.

human cytomegalovirus | latency | reactivation

Reactivation of latent human cytomegalovirus (HCMV) in-
fection poses a life-threatening risk to immunocompro-

mised individuals, such as stem cell or organ transplant recipients
(1). While the HCMV replicative cycle has been studied exten-
sively, our understanding of the mechanisms controlling the entry
into and exit from latency is far from complete.
During productive infection, the HCMV genome is tran-

scribed in a temporal cascade composed of three kinetic classes
of gene expression designated as immediate early (IE), early, and
late (2). The IE proteins, in particular IE1-72 kilodalton (kDa)
and IE2-86 kDa proteins, referred to as IE1 and IE2, play critical
roles in initiating the HCMV lytic cycle by transactivating the
expression of cellular and viral genes and suppressing the innate
immune response (3). During latency, IE gene expression is re-
pressed, resulting in diminished viral gene expression and the
absence of productive replication (4). Signals that stimulate
reactivation induce IE gene expression to allow reentry into the
viral replicative cycle (5), and this de-repression of IE genes is
considered a pivotal event controlling the switch between latent
and reactivated states.
The major immediate early promoter (MIEP) is a powerful

promoter in cells permissive for lytic HCMV replication and
drives high level expression of mRNAs encoding IE1 (UL123)
and IE2 (UL122) (6–9). In cell types that support HCMV la-
tency, however, such as CD34+ human progenitor cells (HPCs)
and CD14+ monocytes, MIEP activity is diminished (10–12).
Because re-expression of UL122 and UL123 is required for
reactivation (13–15), it has been presumed that de-repression of
the MIEP is critical to reinitiate the viral lytic cycle. However,
the origin of UL123 and UL122 transcripts during HCMV reac-
tivation has not been formally defined.

Results
Re-Expression of UL123 (IE1) and UL122 (IE2) following Reactivation
Stimulus Does Not Originate from the MIEP. We measured the ac-
cumulation of IE1 and IE2 proteins and the expression of UL123
and UL122 transcripts during experimental latency and reac-
tivation in the monocytic THP-1 cell line. THP-1 cells are an
established model for studying HCMV latency and reactivation
(16–19). While the THP-1 cell model does not recapitulate all
aspects of latency, such as the robust production of progeny vi-
rus, the THP-1 cell line offers the strength of a synchronous
reactivation. Cells were infected with HCMV (TB40/E strain)
and allowed to establish latency for 5 d post infection (dpi).
To induce reactivation, latently infected cells were treated with
12-O-tetradecanoylphorbol-13-acetate (TPA), which promotes
monocyte-to-macrophage differentiation and triggers viral reac-
tivation (16, 17). IE1 and IE2 proteins were detected immedi-
ately after infection but decreased to levels below the limit of
detection between 2 and 5 dpi (Fig. 1A and the more detailed
time course in SI Appendix, Fig. S1), consistent with the estab-
lishment of latency. IE1 and IE2 proteins accumulated rapidly
following TPA treatment, consistent with viral reactivation.
Parallel cultures treated with the solvent control (dimethyl
sulfoxide, DMSO) maintained latency, and levels of IE1 and IE2
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proteins remained below the limit of detection. The viral protein
pUL138 (a suppressor of viral replication that promotes latency)
(20, 21) is detected at all time points. pUL135 (which promotes
reactivation and viral replication) (21) is detected at 1 dpi and
then re-expressed following the reactivation stimulus, similar to
the IE proteins.
The accumulation of UL123 and UL122 transcripts following

infection and reactivation in THP-1 cells was measured by
quantitative reverse transcriptase PCR (RT-qPCR) using prim-
ers that detect differentially spliced UL123 and UL122 tran-
scripts (Fig. 1B, black arrows). The expression of UL123 and
UL122 transcripts corresponded to protein levels at 1 dpi and
following reactivation (Fig. 1C). Surprisingly, a primer pair that
detects transcripts arising from the MIEP (transcript UTR136)
(22) or the 5′ distal promoter (dP) (23) (transcript UTR406)
(22) (Fig. 1B, orange arrows) detected few MIEP/dP-derived
transcripts at any time after infection or following reactivation

(Fig. 1C). By contrast, the same primer pair readily detected
abundant MIEP-derived transcripts during productive infection
in fibroblasts (SI Appendix, Fig. S2). The absence of MIEP-
derived transcripts following reactivation stimulus in THP-1
cells suggests that the re-expression of IE1 and IE2 is driven
by alternative promoters.

Transcripts Derived from MIE Intronic Promoters Predominate
following Reactivation Stimulus. We recently identified two pro-
moters within an intron 3′ of the MIEP [intronic promoter 1
(iP1) and intronic promoter 2 (iP2)] that drive the expression
of alternate transcripts (UTR378 and UTR70, respectively)
encoding IE1 and IE2 proteins (Fig. 2 A and B) (22). The iP-
derived transcripts lack noncoding exon 1 found in MIEP-
derived mRNAs but encode the complete set of distal exons

Fig. 1. IE1 and IE2 are expressed during HCMV reactivation but do not arise
from the MIEP. (A) THP-1 cells were infected with TB40/E WT HCMV (MOI = 2)
and cultured for 5 d to allow the establishment of latency. At day 5, cells were
treated with TPA or a DMSO control. Whole-cell lysates were collected at
the indicated time points, and IE1, IE2, pUL135, and pUL138 viral proteins
were detected by immunoblotting. Tubulin was used as a loading control. A
single experiment (representative of 3 independent experiments) is shown.
(B) Schematic of the major immediate early (MIE) locus. The distal promoter
(dP) and major immediate early promoter (MIEP) and primers to detect UL123
(IE1) (exons 3 and 4), UL122 (IE2) (spanning exons 3 to 5), or MIEP/dP-derived
transcripts (exons 1 and 2, orange) are indicated. (C) UL123 (IE1), UL122 (IE2),
and MIEP/dP-derived transcripts were detected by RT-qPCR over a time course
following infection and reactivation in THP-1 cells. Transcripts are quantified
as a ratio over H6PD. Data from 3 independent biological replicates (each
performed in triplicate) are shown; error bars indicate SE.

Fig. 2. UL123 (IE1) and UL122 (IE2) transcripts derived from intronic pro-
moters predominate following reactivation stimulus. (A) Schematic of MIE
locus. The distal promoter (dP), the major immediate early promoter (MIEP),
intronic promoter 1 (iP1), and intronic promoter 2 (iP2) give rise to tran-
scripts encoding full-length IE1 and IE2. Transcription start sites are depicted
with arrows. (B) Schematic of the 5′ ends up to and including exon 2 of IE-
encoding transcripts. The translation start site (AUG) is marked in exon 2.
Mature mRNAs encoding IE1 and IE2 will also include exons 3 and 4 or 3 and
5, respectively. Primer pairs designed to detect discrete transcripts by RT-
qPCR (dP/MIEP: orange; iP1: blue; iP2: teal) are shown. A common reverse
primer was used to amplify dP/MIEP- and iP2-derived transcripts. (C) THP-1
cells were infected with TB40/E WT (MOI = 2) for 5 d to promote latency.
At day 5, cells were treated with TPA or DMSO control. The transcripts in-
dicated were quantified relative to H6PD by RT-qPCR. Data from 3 in-
dependent biological replicates (each performed in triplicate) are shown;
error bars represent SE. Statistical significance was determined by unpaired
t test comparing accumulation of each transcript during latency versus
reactivation. Welch’s correction was used to account for unequal variance
(*P value ≤ 0.05).
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necessary to synthesize full-length IE1 or IE2 proteins. As the
intronic promoters are dispensable for viral replication in fi-
broblasts, and transcripts derived from these promoters are
expressed with late kinetics during the replicative infection (22)
(SI Appendix, Fig. S2), we hypothesized that the iP1 and iP2
might contribute to re-expression of UL122 and UL123 subse-
quent to a reactivation stimulus.
We monitored the accumulation of iP1- and iP2-derived

transcripts in THP-1 cells using primer pairs that discriminate
between the distinct MIE locus transcripts (Fig. 2B; sequences in
SI Appendix, Table S1). MIE locus transcripts were predomi-
nately derived from iP2 between 1 and 5 dpi, and iP2 transcripts
were robustly induced following TPA treatment (Fig. 2C and SI

Appendix, Fig. S3). The iP1-derived transcripts also increased
after reactivation stimulus, albeit to a lower level. Although a
small number of MIEP-derived transcripts were detected from
10 to 14 d following re-expression of MIE genes, MIEP-derived
transcripts were far less abundant than those derived from either
of the intronic promoters (SI Appendix, Fig. S3). Interestingly,
iP-derived transcripts were expressed with later kinetics in fi-
broblasts despite robust accumulation of MIEP-derived tran-
scripts (SI Appendix, Fig. S2), indicating context-dependent
regulation of this locus. As transcripts originating from iP1 and
iP2 account for the overwhelming majority of transcripts
encoding IE1 and IE2 in THP-1 cells, these findings suggest that
the intronic promoters play important roles in the re-expression
of IE genes (Fig. 1A) and hence in reactivation from latency.

Intronic Promoter Mutant Viruses Do Not Express IE1 and IE2
following Reactivation Stimulus. To determine the significance of
iP1 and iP2 for viral reactivation, we constructed recombinant
viruses containing deletions surrounding the transcription start
sites of iP1 (ΔiP1), iP2 (ΔiP2), or both iP1 and iP2 [ΔiP(1 + 2)]
(SI Appendix, Fig. S4A). Each mutant virus replicated with sim-
ilar kinetics and to similar peak titers as the parental wild-type
(WT) virus (SI Appendix, Fig. S4B) and efficiently accumulated
IE1 and IE2 (SI Appendix, Fig. S4C) during productive infection
in fibroblasts. Together, these data indicate that the intronicMIE
locus promoters are dispensable in fibroblasts for expression of
lytic cycle transactivators and for virus replication.
In THP-1 cells, both iP1- and iP2-derived transcripts accu-

mulated poorly following reactivation stimulus during ΔiP1 in-
fection (Fig. 3A). The iP2-derived transcripts were diminished
following reactivation stimulus in ΔiP2 infection; however, iP1
transcript levels could not be measured as the ΔiP2 mutation
abolishes the primer binding site for detecting iP1-derived
transcripts. Deletion of both iP1 and iP2 similarly diminished
levels of iP2-derived transcripts following reactivation stimulus.
MIEP-derived transcripts were detected at very low levels, if at
all, in all infections. Consistent with the defect in iP-derived
mRNA levels, deletion of iP1 and/or iP2 resulted in a striking
defect in the accumulation of IE proteins following the reac-
tivation stimulus (Fig. 3B). The ΔiP mutant virus infection also
accumulated reduced levels of the early viral proteins pUL44
and pUL135, suggesting a global defect in re-expression of viral
gene expression. The failure of the recombinant viruses to
reactivate could not be attributed to a defect in maintenance of
latent infection, as viral genomes were maintained from 1 to 5 dpi
with each virus (Fig. 3C). From these results, we conclude that
ΔiP-mutant viruses establish a latent infection but are unable to
re-express viral lytic cycle transactivators or representative viral
early genes in response to a canonical reactivation stimulus.

The Intronic Promoters Are Necessary for Efficient HCMV Reactivation.
Primary CD34+ HPCs are considered the “gold standard” cell
type for modeling HCMV latency and reactivation in vitro (21,
24–27). Moreover, CD34+ HPCs yield quantifiable numbers of
progeny virus upon reactivation, which is a limitation of the
THP-1 model. To evaluate whether iP1 and iP2 are required for
reactivation in CD34+ HPCs, pure populations of infected
(GFP+) CD34+ HPCs were isolated by cell sorting and seeded
into long-term cultures over a stromal cell support to allow the
establishment of latency (28). After 10 d, half of the culture was
seeded by extreme limiting dilution onto fibroblasts in a
cytokine-rich media to promote differentiation and reactivation.
The other half of the culture was mechanically lysed to quantify
the amount of infectious virus produced prior to the reactivation
event. Reactivation in WT-infected cells produced a 3-fold
greater frequency of infectious centers relative to its pre-
reactivation control (Fig. 4A). By contrast, each of the ΔiP-
mutant viruses exhibited a significant defect in reactivation,

Fig. 3. The iP mutant viruses fail to express IE1 and IE2 following reac-
tivation stimulus in THP-1 cells. THP-1 cells were infected with TB40/E WT,
ΔiP1, ΔiP2, or ΔiP(1 + 2) (MOI = 2) for 5 d and then treated with TPA to
trigger viral reactivation. (A) RNA was isolated, and RT-qPCR was performed
to monitor accumulation of iP1-, iP2-, and MIEP/dP-derived transcripts rela-
tive to H6PD. Data from 3 independent biological replicates (each performed
in triplicate) are shown; SE is depicted. (B) Accumulation of viral proteins was
measured during latency and following reactivation stimulus by immuno-
blotting. IE1 and IE2 (immediate early) and pUL44 and pUL135 (early) were
measured. Tubulin was used as a loading control. A single experiment
(representative of 3 independent experiments) is shown. (C) Total DNA was
isolated at days 1 and 5 (latency) and at day 10 (reactivation). Viral genomes
were quantified by qPCR using a primer pair specific to the noncoding β2.7
region of the HCMV genome relative to standard curve using the bacterial
artificial chromosome clone of TB40/E. Viral genome copy number was then
normalized to the cellular gene RNase P. Bars represent fold change over the
number of viral genomes present at day 1 for each virus. Data from 3 in-
dependent biological replicates (each performed in duplicate) are shown; SE
is depicted. Two-way ANOVA revealed that fold change in genome copy
number is not statistically significant (ns) for any of the infection groups.
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indicating a requirement for iPs for HCMV reactivation in pri-
mary CD34+ HPCs.
We next measured MIEP-, iP1-, and iP2-derived transcript

accumulation in CD34+ HPCs from 2 donors infected with WT
or ΔiP2 prior to (day 10 in culture) and following a reactivation
stimulus (7 d post stimulus). The ΔiP2 recombinant was chosen
because iP2-derived transcripts are the most abundant following
TPA treatment in THP-1 cells. Consistent with the expression of
these transcripts in THP-1 cells, iP-derived transcripts pre-
dominated following reactivation of WT virus compared to
MIEP-derived transcripts (Fig. 4B). A global defect in induction
of all MIE transcripts was observed for ΔiP2-infected cells when
compared to WT-infected cells following the reactivation stim-
ulus. As noted in THP-1 cells, iP2-derived transcripts were de-
tected at a low level even during the latent period.

Discussion
The establishment of latency requires suppression, if not si-
lencing, of the viral genes encoding the major immediate early
transactivators, which drive viral gene expression and pro-
ductive viral replication. A key unanswered question in HCMV
biology concerns how viral gene expression is reinitiated fol-
lowing a reactivation stimulus. Collectively, our findings chal-
lenge the long-held paradigm that viral reactivation relies on
de-repression of the MIEP to drive IE1 and IE2 expression and
subsequent reentry into the virus lytic cycle. Rather, we find
that the majority of UL123 and UL122 transcription during
reactivation is driven by recently identified promoters within
intron A of the MIE transcriptional locus (22). Disruption of
these intronic promoters results in a striking defect in re-
expression of viral genes and genome replication in the THP-
1 and the primary CD34+ HPC latency model. These findings
suggest that HCMV relies on multiple promoters to regulate
MIE locus gene expression in a context-dependent manner.
Promoter switching in the MIE locus during latency and reac-
tivation may minimize spontaneous reactivation and limit the
expression of viral antigens that may otherwise be detected by
the immune system.
It has long been assumed that MIE gene expression that

supports reactivation of the viral lytic cycle results from de-
repression of the MIEP, and changes in transcription factor
binding and chromatin have been detected at the MIEP upon
reactivation (29–35). While our data do not preclude a role for

the MIEP, iP-derived transcripts are the predominant drivers of
viral IE gene re-expression following a reactivation stimulus (Fig.
2C), and iP-driven IE gene expression is required for efficient
reactivation (Figs. 3 and 4). By contrast, MIEP-derived tran-
scripts were detected at very low levels only at 12 and 14 dpi. It
also remains a possibility that chromatin reorganization and
transcription factor binding at the MIEP influences activity of
the intronic promoters. Collectively, our data suggest that acti-
vation of the intronic promoters is the primary event (i.e.,
occurring before MIEP activation) required for HCMV
reactivation.
The defect in reactivation resulting when one or both intronic

promoter elements is deleted appears more pronounced in THP-
1 cells than in primary CD34+ HPCs. These differences may be
due to the heterogeneity of CD34+ primary cells compared to
THP-1 cells, a homogenous population that can be triggered to
reactivate in a more synchronous manner. Alternatively, these
differences may also reflect the inherent limitations or technical
differences of each model system. For example, the readout for
reinitiation of viral gene expression in THP-1 cells is total IE
protein in a pooled population of cells in which only 30 to 50%
of the cells were initially infected, thus increasing the potential
for very subtle changes to be masked. By contrast, the extreme
limiting dilution assay used to quantify the number of latently
infected CD34+ cells required to produce viral progeny is of
greater sensitivity and is inherently subject to more donor vari-
ability. Although THP-1 cells do not produce robust titers of
progeny viruses following reactivation stimulus (36), our work
highlights the value of THP-1 cells as a model for transcriptional
silencing and re-expression of HCMV gene expression during
latency and reactivation.
The early burst of gene expression at 1 dpi (Fig. 1) and the

noisy expression of transcripts from the iP2 element (Figs. 2C
and 4B) is consistent with recent work in the field suggesting that
viral transcription is not as silent during latency as previously
presumed (37, 38). The initial burst of IE gene expression that
we observed during the establishment of latency is likewise
consistent with reports from other groups (39, 40). Collectively,
the available data from both primary cell and cell line models
indicate that viral gene expression is repressed, but not completely
silenced during latency. More work is required to understand if
early bursts of gene expression are important for the establishment
of latency.

Fig. 4. The intronic promoters are required for reactivation of HCMV from latency in CD34+ HPCs. CD34+ HPCs were infected with TB40/E WT, ΔiP1, ΔiP2, or
ΔiP(1 + 2) expressing GFP as a marker for infection for 24 h (MOI = 2). Pure populations of infected (GFP+) CD34+ cells were isolated by FACS and maintained in
long-term bone marrow culture for 10 d. (A) Viable CD34+ HPCs were seeded by limiting dilution onto monolayers of permissive fibroblasts in a cytokine-rich
media to promote myeloid differentiation (reactivation, dark gray). An equivalent number of cells was mechanically lysed and seeded in parallel to determine the
infectious virus present prior to reactivation (prereactivation, light gray). The frequency of infectious centers formed was determined 14 d later by ELDA from the
fraction of GFP+ wells at each dilution. Data are expressed as fold change over the frequency of infectious centers produced by the WT virus prior to reactivation.
Data from 3 independent biological replicates are shown; SE is depicted. Statistical significance was determined by multiple t tests comparing each mutant virus to
the WT parental virus (*P value ≤ 0.05; **P value ≤ 0.005). (B) At day 10, RNA was collected from CD34+ HPCs latently infected with WT or ΔiP2 HCMV (pre-
reactivation, pre). The remaining cells were plated in a modified “cell-free” reactivation assay absent coculture with permissive fibroblasts and in reactivation media
enriched with 45 ng/mL of IL-6, G-CSF, and GM-CSF for 7 d before RNA was collected from adherent cells (react). RT-qPCR was performed to quantify discrete MIE
transcripts relative to H6PD. Data from 2 independent biological replicates (qPCR reaction performed in triplicate) using cells from multiple donors are shown.
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Notably, we consistently detected low levels of iP2-derived
transcripts throughout latency (Figs. 2C and 4B), although IE
proteins remained virtually undetectable (Fig. 1A and SI Appendix,
Fig. S1). The sustained levels of iP2-derived transcripts in the
absence of detectable levels of protein accumulation may sug-
gest that the translation, as well as transcription, of MIE genes
is regulated in a context-dependent manner (e.g., stress-induced
translation), consistent with previously established correlates
linking cellular stress to viral reactivation (41). For example, the
discrete 5′ untranslated regions (UTRs) of the iP-derived tran-
scripts contain multiple alternative AUG translation start sites
which may be posited to suppress translational activity via leaky
scanning under basal conditions while promoting translation
during cell stress (42, 43). Such regulatory elements are common
in viruses and appear to regulate translation in a similar manner
(44–46). Furthermore, Arend et al. (47) have previously demon-
strated that the 5′ UTR of MIE mRNAs plays a role in their
translation and is required for efficient HCMV replication during
lytic infection. In the case of iP-derived transcripts, such mecha-
nisms may equip the virus with an additional point of control
over IE gene expression, perhaps to minimize spontaneous viral
reactivation.
In addition to expanding genomic coding potential in the hu-

man genome, alternative promoters play an important role
in tailoring gene expression for various cell lineages, tissue types,
and developmental stages (49). Furthermore, alternative pro-
moter usage can produce multiple mRNAs encoding identical
proteins, the synthesis of which is regulated by distinct 5′ UTRs.
Herpesviruses also use alternative promoters to regulate viral
gene expression. For example, Marek’s disease virus uses pro-
moter switching to achieve differential expression of its imme-
diate early transactivator ICP27 during lytic and latent infections
(50). Furthermore, Kaposi’s sarcoma-associated herpesvirus en-
codes 6 splice variants of its ORF50 from 4 different promoters,
resulting in multiple isoforms of the transactivator RTA, each
with distinct viral transactivation potential (51). Epstein–Barr
virus uses a promoter switching mechanism to maintain its dis-
tinct latency programs by driving differential expression of
latency-associated genes (52–55). Potential mechanisms for pro-
moter switching could include differences in the basal transcrip-
tion machinery among different cell types, cell type-specific
transcription factors, or epigenetic modifications to the viral ge-
nome. The significance of these promoter switching events to the
outcome of infection remains to be fully defined. However, these
studies and the present study suggest that promoter switching
may play a prominent role in the lytic to latent switch during
herpesvirus infections.
Understanding the regulation of alternative promoters may

pave the way for the development of improved vaccines and
gene therapy vectors. As deletion of the HCMV MIE intronic
promoters limits potential for reactivation (Figs. 3 and 4)
without impeding virus propagation in fibroblasts (SI Appendix,
Fig. S3), cytomegalovirus-based vaccine vectors in which the
minimal intronic promoter sequences are disrupted would be
expected to limit reactivation while maintaining the potential to

efficiently propagate the vector in replication-permissive fi-
broblasts. Additionally, inclusion of the intron A region of the
MIE locus in gene therapy vectors driven by the HCMV pro-
moter (MIEP) may enable efficacious gene expression in he-
matopoietic cells, a clinically important setting in which the
core MIEP has minimal activity (12). While the cellular and/or
viral factors that regulate HCMV intronic promoter activity
during reactivation are currently unknown, our data suggest
that defining such factors will be critical to understanding the
molecular events controlling HCMV latency and reactivation.

Materials and Methods
THP-1 Latency Model. THP-1 cells were infected as monocyte-like suspension
cells at a density of 0.5million cells permL and amultiplicity of infection (MOI)
of 2 (as determined by TCID50 using MRC-5 fibroblasts). The cell suspension
was mixed by rocking every 30 min for 4 h, followed immediately by a
“spinfection” at 450 × g for 20 min, yielding 30 to 50% infection (GFP+ by
FACs) at 24 hpi. Cells were cultured for 5 dpi in nontissue culture-treated 6-well
plates (1.5 million cells in 3 mL per well). During the 5-d latency period, in-
fected cells continued to proliferate, and media was added to maintain a cell
density of ≥1 million cells per mL. Viral genomes were maintained during the
5-d latency period (Fig. 3C). On day 5, cells from each experimental group were
pooled and centrifuged at 120 × g for 7 min and then resuspended at 0.5
million cells per mL. Cells were treated with 100 nM TPA and plated on tissue
culture-treated plates to promote monocyte-to-macrophage differentiation
(and viral reactivation) or treated with DMSO as a solvent control and cultured
nonadherently. Cells were washed in PBS at 24 h post TPA/DMSO treatment,
and fresh media was added to the culture at 1 mL for every 0.5 million cells.
TPA treatment resulted in differentiation of 50 to 75% of the treated cells; any
cells that remained in suspension after 24 h of treatment were removed from
the culture with 2 PBS washes, leaving only differentiated cells. Dead cells
were removed from the plate with 2 PBS washes immediately prior to col-
lection of proteins or nucleic acids.

Assays of Infectious Centers for Latency. Frequency of reactivation for each
mutant virus relative to WT in CD34+ HPCs was quantified as previously de-
scribed (21, 26). Briefly, pure populations of CD34+ HPCs were infected with
WT, ΔiP1, ΔiP2, or ΔiP(1 + 2) virus (MOI = 2) expressing GFP as a marker for
infection. At 24 hpi, infected (GFP+) CD34+ cells were isolated by fluorescence-
activated cell sorting (FACS) and incubated in long-term culture with a
stromal cell support to maintain latency. At 10 dpi, viable CD34+ HPCs
were seeded by limiting dilution onto monolayers of permissive MRC-5
fibroblasts (reactivation). An equivalent number of CD34+ HPCs were
mechanically disrupted and seeded in parallel to quantify infectious virus
present prior to reactivation (prereactivation). Frequency of infectious cen-
ters was quantified 14 d later by extreme limiting dilution analysis (ELDA) of
GFP+ wells. Please see the SI Appendix for a detailed description of the
Materials and Methods.
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