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CD14* monocytes are a reservoir for latent human cytomegalovirus,
and virus replication is reactivated during their differentiation
to macrophages or dendritic cells. It has not been clear whether
the virus can establish latency upon direct infection of monocytes
or whether it must first become quiescent in a progenitor cell that
subsequently differentiates to generate a monocyte. We report
that infection of primary human monocytes with a clinical strain
of human cytomegalovirus exhibits the hallmarks of latency. We
established conditions for culturing monocytes that prevent differ-
entiation for at least 25 d, as evidenced by cell surface marker ex-
pression. Infection of these monocytes with the FIX clinical strain
resulted in transient accumulation of many viral lytic RNAs and sus-
tained expression of four previously described latency-associated
transcripts. The amount of viral DNA remained constant after in-
fection, and cell surface and total HLA-DR proteins were substan-
tially reduced on a continuing basis after infection. When treated
with cytokine mixtures that stimulate differentiation to a macro-
phage or dendritic cell phenotype, infected monocytes reactivated
virus replication and produced infectious progeny. Treatment of
infected monocytes with IL-6 alone also was sufficient for reactiva-
tion, and the particles produced after exposure to this cytokine
were about fivefold more infectious than virions produced by other
treatments. We propose that in vivo microenvironments influence
not only the efficiency of reactivation but also the infectivity of the
virions produced from latently infected monocytes.
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H uman cytomegalovirus (HCMV) is a dangerous opportunis-
tic pathogen (1) that replicates in many cell types but enters
latency in others, allowing persistence of the viral genome without
production of progeny. Viral DNA and a small subset of viral
RNAs have been found in naturally infected CD34* hemato-
poietic stem cells (HSCs) and CD33* progenitor cells (2). Ex-
perimental infections of CD34* and CD33™ cells also display the
hallmarks of latency. HCMV DNA and a subset of viral tran-
scripts are present in these cells after infection in culture, and the
virus can be reactivated to produce progeny if the cells differen-
tiate (2). The choice of HCMV strain can influence the outcome
of infections (3). Two clinical isolates entered and exited latency,
whereas the AD169 laboratory strain failed to become latent in
CD34% cells. AD169 lacks the UL138 gene, which is important
for entry into latency (3, 4).

Like HSCs, naturally infected CD14™ monocytes harbor HCMV
DNA (5-7), and viral replication is activated by differentiation
(8, 9). Monocytes from peripheral blood are nonpermissive for
HCMYV replication (10), but when differentiated to a macrophage
phenotype, they support the production of infectious progeny
(11, 12). Thus, natural and experimental infections argue that
differentiation from monocyte to macrophage or dendritic cell
marks a divide between latency and active replication.

Although monocytes harbor latent virus, it has not been clear
that direct infection of a monocyte can lead to latency. Latent
virus in monocytes could result from prior infection of myeloid
progenitors that subsequently differentiate to monocytes (13).
Furthermore, infection with the HCMV Towne E strain promotes
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the differentiation of monocytes (14). Because different respon-
ses to infection have been observed for a variety of HCMYV strains
in monocytes, we revisited the question by developing a system for
culturing peripheral blood monocytes in a nondifferentiating
state. The FIX clinical isolate of HCMV can enter latency and
reactivate from latency in these cells.

Results

Maintenance of CD14* Monocytes Without Detectable Differen-
tiation. We isolated monocytes from peripheral blood mono-
nuclear cells (PBMCs) by using microbeads with CD14-specific
antibody. The isolated cells were maintained in culture plates
treated to block cell adherence in medium containing a mixture
of cytokines previously used to maintain latently infected mye-
loid cells (15). The cell surface phenotype was assessed for
preparations from three donors at 24 h postisolation (Fig. 14)
and found to contain 96.8% + 0.6% CD14™" cells, with a consis-
tently small variance in the level of CD14 expression. To test for
changes caused by selection through the CD14 receptor, we
evaluated cell surface marker expression before and after the
microbead isolation (Fig. S1). We observed no significant in-
duction of macrophage or dendritic cell markers, and monocyte
markers remained unchanged, arguing that the isolation pro-
cedure did not induce differentiation.

To monitor the stability of the monocyte phenotype, we ana-
lyzed cell surface markers at various times postisolation (Fig. 1B).
Multiple monocyte markers (CD11b, CD13, and CD14) were
present, with little change in levels during the 25-d period in
culture. HLA-DR expression remained low, a characteristic of
monocytes as opposed to macrophages and dendritic cells, and
markers of dendritic cells (CD80 and CD83) and granulocytes
(CD15) were not detected. After 24 d in culture, monocytes were
transferred to standard culture plates to allow adherence and were
maintained in medium containing macrophage colony stimulating
factor (M-CSF) plus IL-3 or granulocyte macrophage colony
stimulating factor (GM-CSF) plus IL-4, cytokine mixtures that
direct differentiation to macrophages or dendritic cells, re-
spectively (16, 17). Six days later, the cells expressed markers (Fig.
1C) and morphology (Fig. 1D) of macrophages and dendritic cells,
showing that our culture conditions do not prevent differentiation
after extended time in culture.

Nondifferentiating Monocytes Can Be Infected with an HCMV Clinical
Isolate. Monocytes were infected with a GFP-expressing de-
rivative of the FIX clinical isolate (3) (Fig. 24). At a multiplicity
of 1 pfu/cell, FIX expressed GFP in 35% of monocytes, and the
portion of infected cells increased to 97% at a multiplicity of 3.
The AD169 laboratory strain (3) entered monocytes much less
efficiently than FIX. At a multiplicity of 20, AD169 expressed
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Fig. 1. Monocyte culture. (A) Reproducible isolation of CD14* populations.
Monocytes from three donors were prepared, maintained in culture for 24 h,
and then analyzed for CD14 expression by flow cytometry. Samples receiving
no antibody (gray) were compared with samples treated with fluorescently
conjugated anti-CD14 antibody (red). (B) Stable expression of cell surface
markers over an extended period in culture. Cells from two donors were
monitored by flow cytometry with phycoerythrin (PE)-CY7-conjugated anti-
CD14 and PE-conjugated antibodies to various marker proteins. Fold
increases in median fluorescent intensity relative to isotype controls were
calculated for cells from the population of CD14M9" backgated cells. The
mean plus SE are presented. (C) Induction of macrophage and dendritic cell
markers in response to cytokine treatment. After 24 d in culture, monocytes
(Mono; blue bars) were transferred to standard tissue culture plates in me-
dium containing either M-CSF plus IL-3 (Mac; red bars) or GM-CSF plus IL-4
(DG purple bars); 6 d later, cell surface markers were analyzed by flow
cytometry, and the mean fold increase in median fluorescent intensity (+SE)
relative to isotype controls for cells from two donors is displayed. (D) Mor-
phology of undifferentiated vs. differentiated monocytes. Cells were visu-
alized by phase microscopy.

GFP in only 14% of cells. These results are consistent with
earlier work showing that AD169 enters many cell types in-
efficiently because of a mutation in its UL131 ORF (18).

We assessed whether HCMV induced the differentiation of
monocytes by monitoring HLA-DR surface expression, which in-
creases on differentiation to either a macrophage or dendritic cell
phenotype (19, 20). Although differentiation was observed by
others when a different HCMV strain and adherent culture
conditions were used (21), infection with the FIX clinical isolate
did not induce monocyte differentiation, as assessed by HLA-DR
cell surface fluorescence (Fig. 2B). In fact, infection reduced the
cell surface level of HLA-DR in the cell population by a factor of
about 3 on day 2 and a factor of 6 at 20 d post infection (dpi). A
similar reduction in HLA-DR was observed after infection of
granulocyte—macrophage progenitor cells with a different clinical
isolate (22). We also tested levels of HLA-DR by Western blot
(Fig. 2C). At 5 dpi, HLA-DR was substantially reduced in
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Fig. 2. Infection of monocytes. (A) Cultured monocytes are efficiently
infected with the FIX strain of HCMV. After 1 d in culture, monocytes were
mock-infected or infected with FIX- or AD169-expressing GFP at the in-
dicated multiplicities of infection (MOI). Two days later, cells were analyzed
by flow cytometry for GFP expression. (B) HLA-DR surface expression is re-
duced after infection of monocytes. Cells were mock-infected or infected
with a FIX derivative expressing an IE2-GFP fusion protein and assayed for
HLA-DR by flow cytometry at 2 or 20 d post infection (dpi). Cells differen-
tiated to a macrophage (Mac) phenotype were also analyzed as a control. (C)
Reduced total cell HLA-DR after infection of monocytes. Cells were mock-
infected or infected with FIX and assayed for HLA-DR 5 d later by Western
blot. Intact af heterodimers and monomers are labeled. The blot was probed
for p-actin and p38 MAPK as controls.

infected compared with mock-infected monocytes. To control for
the possibility that the down-regulation of HLA-DR resulted
from a general reduction in host protein synthesis, we assayed for
levels of p38 MAPK, which has a half life in monocytic cells of
about 24 h (23) and is not induced by infection (24). p38 levels
were unchanged, ruling out a global effect. Consistent with the
failure of HLA-DR to be elevated, the morphology of the infec-
ted monocytes did not change (Fig. S2). These results argue that
infection with FIX does not induce differentiation of monocytes
but rather, down-regulates HLA-DR expression.

Transient Expression of Lytic Transcripts with Prolonged Expression
of Latency-Associated RNAs in Monocytes. A subset of lytic HCMV
RNAs is transiently expressed after infection of CD34™ HSCs (25)
or granulocyte—macrophage progenitor cells (26). We infected
monocytes with FIX and monitored the accumulation of the
UL122 and UL123 immediate-early RNAs, whose immediate
early 2 and 1 (IE2 and IE1) protein products are essential for lytic
replication (1). Reverse transcription-coupled quantitative PCR
(RT-gqPCR) revealed that both RNAs are present at 1 d, their
levels were increased at 2 d, and then, they decreased over time
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until at 10 dpi, the signal was indistinguishable from that for mock-
infected cells (Fig. 3 Upper Left). During lytic infection, UL123
RNA typically accumulates in much higher levels than the UL122
transcript (27), but this did not seem to be the case in FIX-infected
monocytes. Early and late RNAs were also monitored in mono-
cytes infected with the clinical strain (Fig. 3 Lower). Both classes of
RNA were present at 1 dpi and then steadily declined before
becoming indistinguishable from mock-infected cells by 10 dpi. In
contrast to the clinical isolate, the AD169 laboratory strain
expressed viral RNAs throughout the 10-d time course (Fig. 3
Upper Right), reminiscent of the earlier observation that AD169
does not extinguish production of its RNAs after infection of
CD34* HSCs (3). Although our analysis does not discriminate
RNA fragments from functional mRNAs, we can nevertheless
conclude that both the viral strain and the monocyte host envi-
ronment influence the pattern of HCMV RNA accumulation.

Viral DNA was maintained but failed to accumulate after
infection of monocytes with FIX (Fig. 44). About 0.5 genomes/
cell were detected, somewhat below the range of 2-13 genomes/
cell reported for naturally infected mononuclear cells in G-CSF-
mobilized blood (28).

Four HCMV latency-associated transcripts have been de-
scribed. UL138 RNA is expressed in CD14" and CD34% cells
from HCMYV seropositive individuals, and a UL138-deficient FIX
derivative failed to enter latency after infection of CD34* cells
(3). Latency unique nuclear antigen (LUNA) RNA is coded op-
posite to the UL81-82 coding region, and it accumulates during
latency in monocytes and bone marrow cells (29). Bone marrow
cells from infected donors express latency-associated cmvIL-10
(LAcmvIL-10) RNA (30), which encodes a variant of the HCMV
IL-10 (vIL-10), and infected THP1 monocyte-like cells express
RNA encoding the US28 chemokine receptor (31). All four
RNAs were detected on days 1-10 after infection of monocytes
(Fig. 4B). Two amplification products were evident for LAcmvIL-
10 RNA on days 7 and 10, which likely correspond to unspliced
and spliced transcripts (30). Importantly, UL123 RNA was re-
duced at day 7 and no longer evident on day 10. We conclude that
the FIX virus enters a quiescent state with continued expression of
a limited set of RNAs after infection of cultured monocytes.

Reactivation of HCMV from Monocytes. To test for reactivation of
FIX, infected monocytes were maintained in culture for 10-14
d to allow for loss of lytic viral RNA expression. Then, to induce
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Fig. 3. Transient expression of HCMV lytic RNAs in monocytes. One day
after isolation, monocytes were mock-infected (M) or infected with FIX or
AD169, and RNA was prepared on various days postinfection. Representative
immediate-early (IE), early (E), and late (L) viral RNAs were quantified by
using RT-qPCR. Samples were assayed in quadruplicate; standard curves were
generated using purified viral DNA with a p-actin insertion, and quantities of
viral RNAs were normalized to cellular GAPDH RNA levels.
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Fig. 4. Genome maintenance and expression of latency-associated RNAs in
monocytes. (A) Maintenance of the FIX genome. DNA was isolated from
monocytes at various times after infection, and viral DNA was quantified by
qPCR. Samples were run in quadruplicate, and viral genomes per cell were
calculated by dividing the number of genomes (normalized to actin) by the
cell number. ANOVA was performed to test for variation in DNA content
over time and yielded a P value of 0.44, supporting the interpretation that
the means do not differ. (B) Latency-associated RNAs are present in FIX-
infected monocytes throughout a 10-d time course. Total RNA was isolated
from monocytes and assayed by RT-PCR (40 cycles) followed by gel electro-
phoresis of the products. Control assays were performed without reverse
transcriptase (RT™) to monitor for DNA contamination. Negative images are
displayed to better visualize DNA bands.

differentiation, monocytes were transferred to plates with a nor-
mal cell-binding surface, and the medium was supplemented with
cytokines supporting differentiation to macrophages (M-CSF +
IL-3) or dendritic cells (GM-CSF + IL-4). IL-6 was also tested,
because antibody to IL-6 inhibits reactivation of another her-
pesvirus (32) and IL-6 modulates the differentiation of monocytes
(19, 33). In an initial experiment, monocytes from two donors
with quiescent FIX genomes were transferred to monolayers of
fibroblasts, subjected to the cytokine treatments, and assayed for
the induction of fluorescent foci 11 d later (Fig. 54). No infectivity
was detected in the lysate of monocytes from donor 1, one in-
fectious unit was found in the lysate from donor 2, and culture
medium harvested before the induction of reactivation contained
no detectable virus. All three stimuli induced the production of
infectious virus, and IL-6 was about 2.5-fold more effective at
inducing foci than the other treatments. Next, the experiment was
repeated without adding fibroblasts. Infected monocytes from
four donors were allowed to adhere to the plastic surface of
culture plates and analyzed 11 d later for differentiation. Each
treatment induced the production of virus (Fig. 5B Left). IL-6
again generated the largest amount of infectivity, and no virus was
detected in cells or media collected before reactivation. Viral
DNA accumulation was monitored by qPCR, and the three
treatments each caused an ~250-fold increase in the level of in-
tracellular DNA relative to the amount in uninduced monocytes
(Fig. 5B Right). This experiment used a derivative of FIX virus
expressing a GFP-tagged IE2 protein. Expression of the fusion
protein was observed by fluorescence microscopy in fibroblasts
but not in monocytes undergoing reactivation, suggesting that the
viral protein accumulates to a lower level during reactivation than
in normal lytic replication. To evaluate whether the viral DNA
detected during reactivation was encapsidated in a virion, we
subjected reactivation supernatants to DNase I treatment either
before or after virion disruption. Extracellular DNA from all
three reactivation stimuli was protected from degradation before
disruption (Fig. S3), indicating that each reactivation stimulus
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Fig. 5. Reactivation of FIX by differentiation of monocytes. Ten days before
initiating a reactivation assay, CD14* monocytes were infected with FIX virus
(donors 1, 2, and 6) or a derivative of FIX expressing an 1E2-GFP fusion
protein (donors 3-5). (A) Production of virus by coculture of monocytes with
fibroblasts in medium supplemented with cytokines. After 11 d, infectious
centers containing more than or equal to five infected cells were counted. As
controls, lysates of infected monocytes and medium from infected cultures,
prepared at the start of the reactivation experiment, were added to fibro-
blasts. (B Left) Production of virus by transferring monocytes to standard cell
culture plates in medium supplemented with cytokines. After 11 d, super-
natants were harvested and assayed for infectious units (IUs; i.e., the number
of IE1-positive fibroblasts generated at 24 h postinfection). Monocyte lysates
and medium were assayed as controls. (Right) Amplification of viral DNA on
differentiation of monocytes. Total cell DNA was prepared (donors 3-5),
quantified by gPCR, and reported as the fold increase over the amount of
viral DNA in infected monocytes immediately before reactivation. (C) IL-6—
mediated reactivation generates virions with enhanced infectivity. Particle
to PFU ratios were calculated by dividing the amount of DNA in DNase be-
fore samples (Fig. S3) by the number of infectious units for donors 4 and 5.
The asterisk indicates a P value < 0.0001 compared with the input virus
(produced in fibroblasts) and IL-6-induced virus (produced in differentiating
monocytes) by the Student t test.

induced the release of virions into the supernatant and not merely
free viral genomes as a consequence of cell death.

We also calculated a particle to plaque-forming units ratio for
each reactivation condition (Fig. 5C). IL-6 treatment resulted in
a fivefold increase in the infectivity of virus particles compared
with virus produced in fibroblasts or monocytes after treatment
with the other cytokines.

In sum, monocytes from six donors harboring quiescent HCMV
genomes produced infectious virus when stimulated to differen-
tiate. The rates of reactivation were similar to those observed for
CD34* HSCs infected with a clinical isolate of HCMV (25).

Discussion

Other herpesviruses reactivate from latency after the ectopic
expression of one or more immediate-early transactivating pro-
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teins (34-37). In contrast, expression of the immediate-early IE1
and IE2 proteins in myeloid cells carrying latent HCMYV failed
to stimulate the production of virus (38). Thus, understanding
the elements of the cellular environment that support latency
and reactivation is crucial to our understanding of HCMV
pathogenesis.

Numerous conditions have been tested for culturing CD14*
monocytes. Suspension culture in Teflon vessels did not prevent
monocyte differentiation (39), and therefore, we combined cul-
ture on a nonadherent surface with a cytokine-rich environment
similar to that was used previously to support the culture of bone
marrow cells (15). Analysis of cell surface markers showed that
this method maintained populations of monocytes without evi-
dence of differentiation for 25 d (Fig. 1B), and the cells were
able to respond to differentiation signals after 24 d in culture
(Fig. 1 C and D). These monocytes were efficiently infected with
the FIX clinical isolate of HCMV (Fig. 24), and infection did
not induce differentiation as judged by morphology (Fig. S2) or
HLA-DR levels (Fig. 2 B and C). Viral RNAs required for lytic
replication were transiently expressed after infection with FIX
(Fig. 3), as observed for CD34* HSCs and CD33* progenitor
cells (25, 26), and four latency-associated RNAs were detected
on day 10 after infection (Fig. 4B)—a time at which other lytic
transcripts were extinguished. Viral genomes were maintained in
the infected cultures (Fig. 44), and the production of infectious
virus was reactivated by subjecting cultures to differentiation-
inducing signals (Fig. 5). Thus, infection of cultured monocytes
elicited the hallmarks of latency.

The normal HCMV temporal cascade of RNA accumulation
did not occur in monocytes after infection with FIX, because the
early and late transcript levels peaked earlier than immediate-
early transcripts (Fig. 3). Furthermore, late RNAs accumulated
without viral genome replication, which normally precedes high-
level late mRNA expression. A portion of the late RNAs may be
delivered to cells as constituents of virions. Alternatively, the
myeloid cell environment could allow IE1/IE2-independent-
early and late RNA accumulation. The availability of late gene
products immediately after infection might not serve a purpose,
but they could protect cells from toxic effects of immediate-
early products.

Our experimental monocyte infections highlight two possibly
interrelated immunosuppressive elements of HCMYV latency. First,
HLA-DR cell surface levels are down-regulated in infected mon-
ocytes (Fig. 2 B and C), probably inhibiting viral antigen pre-
sentation; second, RNA coding for the latency-associated form of
the viral IL-10 homolog, LAcmvIL-10 (30), is expressed in FIX-
infected monocytes (Fig. 4B). If LAcmvIL-10 RNA is functional
and the cytokine is expressed, it may help to suppress differentia-
tion and down-regulate HLA-DR, because the cell surface antigen
was not down-regulated in granulocyte-monocyte progenitor cells
infected with mutants lacking LAcmvIL-10 and mutant-infected
myeloid cells induced T cell proliferation to a greater extent than
cells infected with wild-type virus (40). If vIL-10-mediated down-
regulation of HLA-DR impacts T helper cell differentiation, this
could suppress anti-HCMYV antibody production and the devel-
opment of a robust HCMV-specific cytotoxic T cell response, be-
cause CD4™ cells maintain HCMV-specific CD8 ™" populations and
contribute importantly to HCMYV disease in solid organ transplant
patients (41).

When infected monocytes were moved from a substrate that
discourages attachment to a substrate that supports cell attach-
ment and the medium was supplemented with cytokines that
stimulate differentiation (Fig. 1 C and D), HCMV DNA replica-
tion was induced, and infectious progeny accumulated (Fig. 5). We
have not yet tested whether the change in the adherence proper-
ties of the surface and cytokine mixtures contributes to reac-
tivation. However, we suspect that both are important, because, as
discussed above, both variables have been shown to influence the
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differentiation state of monocytes. M-CSF plus IL-3 or GM-CSF
plus IL-4, which induce differentiation to a macrophage or den-
dritic cell phenotype, were equally efficient in reactivating the
production of virus. IL-6 also induced reactivation. It induces
M-CSF receptors on monocytes, allowing them to consume their
autocrine M-CSF and differentiate to a macrophage phenotype
(19, 33). Furthermore, IL-6 can activate nuclear factor for IL-6
(NF-IL-6) in monocytic cells (42, 43); NF-IL-6 is a member of the
CCAAT/enhancer binding protein (C/EBP) family of transcrip-
tion factors (44). The HCMV major immediate-early promoter
contains a C/EBP binding site (45), and therefore, IL-6 might si-
multaneously initiate monocyte differentiation and help to induce
expression of the IE1 and IE2 proteins.

Virions produced during IL-6-mediated reactivation were
more infectious for fibroblasts than virus produced after treat-
ment with other cytokines (Fig. 5C). Perhaps the microenviron-
ment in which a reactivation event occurs influences the infectivity
of the virus produced and has a marked effect on whether the
reactivation leads to HCMYV spread with active disease.

In sum, we have validated a monocyte model for HCMV la-
tency and reactivation. This system has potential advantages
relative to earlier models: (i) monocytes are readily available and
can be cultured for an extended period without detectable dif-
ferentiation, (if) monocytes are efficiently infected by a clinical
HCMV isolate, and (iii) reactivation can be induced using de-
fined mixtures of cytokines.

Materials and Methods

Cells and Viruses. Human MRC-5 fibroblasts were cultured in DMEM supple-
mented with 10% FBS. PBMCs were isolated from buffy coats (New Jersey Blood
Center) by centrifugation in Ficoll-Paque gradients (Pharmacia-Amersham).
CD 14" monocytes were purified from PBMCs using CD 14 microbeads (Miltenyi
Biotec) according to the manufacturer’s protocol. After isolation, cells were
resuspended in monocyte suspension medium (Iscove DMEM: 20% heat-inac-
tivated FBS, 25 mM Hepes, 50 ng/mL M-CSF, 50 ng/mL stem cell factor [SCF], 50
ng/mL G-CSF, 50 ng/mL GM-CSF, 50 ng/mL IL-3; cytokines from R&D Systems) at
a density of 10° cells/mL on low cell-binding plates (Nunc HydroCell). Medium
was replaced every 3 d. To induce differentiation, monocytes were cultured on
standard culture plasticware in Iscove DMEM containing 20% heat-inactivated
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stated, infections were at a multiplicity of 3 pfu/cell.

Assays for Reactivation from Latency. Monocytes were differentiated by ad-
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