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ABSTRACT We have investigated the interaction of hu-
man cytomegalovirus (CMV) with cultured primary granulo-
cyte-macrophage progenitors, a suspected natural site of viral
latency, and have established conditions for latent infection and
reactivation in this cell population. Progenitor cells from
human fetal liver or bone marrow maintained a CD14*,
CD15*, CD33* cell surface phenotype during propagation in
suspension culture. Exposure to human CMV did not reduce
growth or alter the phenotype of these cells during a 4-week
culture period. Viral replication was not detectable in these
cells, although viral DNA, as measured by PCR analysis,
persisted in a high proportion of cultured cells in the absence
of delayed early () gene expression. Viral gene expression was
restricted such that only iel region transcripts were detected by
PCR analysis of cDNA, and these transcripts were estimated to
be present in no less than 2-5% of latently infected cells. Most
of these transcripts remained unspliced, a result that strikingly
contrasts with the splicing pattern normally seen during viral
replication in permissive cells. Latent virus reactivated after
prolonged, 16- to 21-day cocultivation of infected granulocyte—
macrophage progenitors with permissive cells, results that
support a role for the myelomonocytic cell population as a
biological reservoir of latent human CMV and suggest that
these cells may be the source of CMV DNA PCR-positive
monocytes found in the peripheral blood of healthy carriers.

Human cytomegalovirus (CMV), a ubiquitous species-
specific herpesvirus and significant pathogen in immunocom-
promised individuals and neonates (1), is the best studied
member of the betaherpesviruses (2). Although latent infec-
tion by CMV is widespread and reactivation of latent virus
after either immunosuppression or progressive immunodefi-
ciency is the single most important contributor to emergence
of CMV disease, the site(s) of viral latency remain poorly
characterized. Viral DNA has been detected in peripheral
blood cells of healthy seropositive carriers (3, 4), and mono-
cytes have been implicated as the most likely cell type
harboring latent viral genomes (4). Although the CMV ge-
nome persists in monocytes, virus does not reactivate during
cultivation under conditions that stimulate growth and dif-
ferentiation (5). Thus, it has remained unclear whether mono-
cytes, or other mononuclear cell types in peripheral blood,
correspond to true sites of latency or reflect an occasional
depository of viral DNA during sporadic reactivation (6-8).

A wide range of peripheral blood leukocytes has been
shown to restrict CMV replication after infection (6, 7, 9-11).
Monocytes and bone marrow-derived granulocyte—-macro-
phage progenitors (GM-Ps) have been the focus of many
experiments. These fail to support viral replication, but
reports on viral gene expression have been inconsistent (10,
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12-15). These investigations have suggested a role for GM-Ps
as a reservoir of persistent or latent CMV infection.

MATERIALS AND METHODS

Cell and Virus Culture. Fetal liver cells (from 12- to
18-week abortuses) were cultured in Iscove’s modified Dul-
becco’s medium (GIBCO/BRL) supplemented with 5% fetal
bovine serum, 5% conditioned medium from the 5637 bladder
carcinoma cell (ATCC HTB9), penicillin G (100 units/ml),
and streptomycin (100 ug/ml) (16). Nonadherent cells were
collected and transferred three times a week, depleting
cultures of stromal cells and differentiated, adherent my-
elomonocytic lineage cells. Human foreskin fibroblast (HF)
cells were grown in Dulbecco’s modified Eagle’s medium
(GIBCO)/10% NuSerum (Collaborative Research). The lacZ
derivative of human CMV strain Towne, RC256 (17) and
low-passage isolate Toledo (18) were propagated on HF cells.

Detection of Viral Infectivity. Three freeze/thaw cycles
(—80°C/37°C) were used in attempts to release virus from 10°
GM-Ps. Plaque assays were conducted on HF cells and
included centrifugal enhancement at inoculation (19). In-
fected GM-Ps were introduced into HF cell cultures to
recover virus by cocultivation.

Nested DNA PCR and Cell Dilution. Cells or nuclei were
counted and diluted to give an average of 100, 30, 10, 3, and
1 per tube, and DNA was extracted as described (20). Nuclei
were prepared from cells lysed on ice in 20 mM Hepes-KOH,
pH 7.9/5 mM KC1/0.5 mM MgCl,/5 mM dithiothreitol/0.1%
Triton X-100 and were monitored by phase-contrast micros-
copy. Initial PCR amplification was with iel primers IEP4BII
and IEP2AII (Table 2) as described (21) using a Perkin—
Elmer/Cetus thermocycler (94°C for 1 min, 62°C for 1 min,
and 72°C for 2 min) for 30 cycles followed by nested primers
IEP3B and IEP3A (94°C for 1 min, 52°C for 1 min, and 72°C
for 2 min) for 30 cycles. The reaction contained 50 mM KCl,
10 mM Tris‘HCI (pH 8.5), 2 mM MgCl,, 1 uM of each primer,
200 uM of each dNTP, and 1.25 units of Taq polymerase
(Perkin-Elmer/Cetus). After amplification, 10% of each re-
action was separated by electrophoresis in 2.5% agarose gels.
Gels were stained with ethidium bromide.

Quantitative Competitive PCR. Cells (8 X 10*) or nuclei were
suspended in 60 1 of 50 mM KCl/10 mM Tris-HCl, pH 8.5/2
mM MgCl,/0.45% Nonidet P-40/0.45% Tween 20 and pro-
teinase K (100 ug/ml), incubated 16 hr at 65°C, followed by
98°C for 10 min to inactivate proteinase K (22). Each sample
was divided into six equal portions (1.3 x 10* cells) and
analyzed in the presence of 3 X 10° to 1 x 10° copies of
denatured human CMYV iel cDNA (from pON2347, a construct
containing the genomic iel region between —1021 and +947

Abbreviations: CMV, cytomegalovirus; GM-P, granulocyte-macro-
phage progenitor; CFU-GM, colony-forming units of granulocyte-
macrophage; 8-Gal, B-galactosidase; RT-PCR, reverse transcription
PCR; HF, human foreskin fibroblast.
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linked to a 1525-bp EcoR1/Bam 1 cDNA fragment representing
exons 2, 3, and 4) as a competitive template. PCR amplifica-
tion with primers IEP3C and IEP4BII (Table 2) was done for
30 cycles under the same conditions and analyzed by agarose
gel electrophoresis as described for the nested PCR analysis.

Reverse Transcription (RT)-PCR. RNA was extracted from
infected GM-Ps and control mixtures of CMV-infected HF
cells and uninfected GM-P cells by standard methods (23). For
all samples of 10? or fewer GM-Ps, 2 ug of RNase-free yeast
tRNA (Sigma) was added before RNA extraction. RNA was
treated with 5 units of RNase-free RQ1 DNase (Promega) in
the presence of 100 units of RNasin (Promega) for 1 hr at 37°C,
and cDNA was synthesized using 1 ug of random hexamer
primers and SuperScript II murine leukemia virus reverse
transcriptase (GIBCO/BRL) using the manufacturer’s proto-
col. For the B, 7 gene transcript, which is unspliced, 45 cycles
of PCR were conducted with primers 2.7A and 2.7B using
cycle parameters of 94°C for 1 min, 60°C for 1 min, and 72°C
for 2 min. For the spliced UL112/113 transcript, an asymmet-
ric nested amplification was done first with primers 112A and
113B for 30 cycles and then with primers 113D and 112A for
30 cycles using cycle parameters of 94°C for 1 min, 65°C for 1
min, and 72°C for 2 min. All primers and predicted PCR
products are described in Table 2. For the iel transcript, 30
cycles of PCR was with primers IEP2AII and IEP3D (exon
2-3; Fig. 3C) or IEP4BII and IEP3C (exon 3-4; Fig. 3D) using
parameters of 94°C for 1 min, 65°C for 1 min, and 72°C for 2
min or 94°C for 1 min, 62°C for 1 min, and 72°C for 2 min. After
electrophoresis in 2.5% agarose gels, samples were visualized
by using ethidium bromide. For the B, 7 or UL112/113 tran-
script analysis, separated fragments were denatured and trans-
ferred to Hybridon-N* membrane (Amersham), hybridized
with [32P]JdCTP-labeled (random primed, Amersham) DNA
probes and subjected to autoradiography on Kodak X-Omat
film.

RESULTS

We initiated studies using DNA PCR to track the viral genome
in myeloid lineage cells of experimentally infected severe
combined immunodeficiency (SCID)-hu mice that had been
implanted with either human fetal thymus plus liver (24) or
human bone plus bone marrow (25). Previous studies had
shown that CMV replicates in human medullary thymic epi-
thelium (26) and human bone marrow stromal cells (H.K.,
E.S.M., and M. Bonyhadi, unpublished work). Using bone
marrow cells from infected implants, colony forming units of
granulocyte-macrophage (CFU-GM) cells were identified by
methylcellulose colony-forming assay (25). CMV DNA was
detected in pools of =100 colonies, although virus was not
recovered from cells after either freeze-thaw lysis or 12-day
coculture with permissive HF cells. This work suggested that
CMYV may gain entry into GM-Ps and remain latent.

To establish cultures in which the direct interaction of CMV
with GM-Ps could be investigated, fetal bone marrow or liver
cells were cultivated under myelomonocytic cell culture con-
ditions (16). These culture conditions supported the outgrowth
of myelomonocytic lineage cells independent of stromal cells
that are permissive for CMV (data not shown). Stromal cells
from adult bone marrow have long been known to be permis-
sive for CMV (12). The nonadherent cell population in these
suspension cultures expressed CD14, CD15, and CD33 cell
surface markers, as judged by multiparameter flow cytometry
using a FACScan and murine monoclonal antibodies from
Becton Dickinson (data not shown). Nonadherent cells in
these cultures exhibited a myelomonocytic morphology (Fig.
1). Cultures initiated with fetal bone marrow or with fetal liver
allowed the outgrowth of a similar nonadherent population of
cells that continued to grow for =4 weeks. Nonadherent cells
were transferred three times a week, initially to deplete
stromal cells, but later to remove the large, adherent cells that

Proc. Natl. Acad. Sci. USA 91 (1994)

developed from the small adherent cells. Methylcellulose
colony-forming assay (24) detected between 1 x 10% and 5 x
10® CFU-GM per 106 starting fetal liver cells (Fig. 1). More
than 50% of the cells used to initiate these cultures were
CD33*, and a small proportion were CD34* and capable of
forming CFU-GM. After 2 weeks in culture, CFU-GM were no
longer detectable by methylcellulose colony-forming assay,
probably due to the loss, through differentiation, of the pre-
cursor population. Also, neither CD34* nor CD19* (B-cell
lineage) cells were detectable when suspension cultures were
evaluated 2 weeks after being established.

For infection with CMV, duplicate or triplicate samples of
106 fetal liver cells from 10 individual CMV-negative sources
were cultured. Three days later, nonadherent cells were
collected, counted, and exposed to CMV (strain RC256) at a
multiplicity of infection of 3. We used RC256, a derivative of
the Towne strain that carries the lacZ gene under control of
the strong CMV B (delayed early) promoter (8;.7), because
this virus expresses abundant levels of B-galactosidase (B-
Gal), which provided a simple sensitive indicator of viral
replication in cells or tissues (17, 26). Infected cells were
washed free of virus and then placed in culture. At weekly
intervals, 10° GM-Ps were removed from duplicate or tripli-
cate cultures from each independent fetal sample. Viral
infection had no significant effect on growth or morphology
of either nonadherent or adherent cells. Weekly samples
were analyzed for infectious virus and for B-Gal expression
as an indicator of viral B (delayed early) gene expression
(Table 1). Neither plaque assay of freeze/thaw cell lysates
nor infectious centers assay of intact cells yielded evidence
of virus replication in the GM-P population, consistent with
reports (12-15). Furthermore, cells did not stain with
5-bromo-3-chloro-indolyl B-p-galactoside. Thus, neither re-
sidual input infectious virus nor viral replication was detect-
able in these cultures.
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F1G. 1. Human CMV DNA maintenance in GM-P cultures. Six
liver cell samples (two to three replicate cultures from each) from
different sources were placed into culture (106 total cells per culture,
containing 1-5 x 103 CFU-GM). Immediately after inoculation with
3 plaque-forming units of strain RC256 per cell and at the times
indicated, CMV DNA copy number was determined using DNA from
between 1 x 10% and 7 X 10¢ cells by quantitative competitive PCR
(analysis of 1.3 X 10¢ cells is shown in Fig. 2B). The number of
GM-Ps per culture was determined by direct counting, and the
number of DNA-positive infected cells was determined by cell-
dilution PCR studies (Table 1 and Fig. 2A). (Inset) Morphology of
nonadherent GM-Ps. O, Starting cell number; m, CFU-GM; e,
infected cell number; O, total cell number; o, DNA copy number.
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Table 1. Detection of viral infectivity, B-Gal expression, and
viral DNA in GM-P cell culture

Virus, B-Gal
PI % positive* o po sit,i;' ex  Viral DNA, % positive*

weeks  F/T IC  (X-gal stain) 10-30t 3-10t  1-3f

3 0 0 0 100 100 60
4 0 0 0 100 100 70

Ten samples of RC256-infected GM-P cells were harvested at 3 or
4 weeks postinfection (PI). Freeze/thaw (F/T)-released free virus
was plaque-assayed on HF cells. GM-Ps (10%) were cocultivated with
HF cells for 12 days to detect infectious centers (C). p-Gal was
detected by overlay of 105 cells with 5-bromo-3-chloro-indolyl 8-p-
galactoside (X-gal) as described (17). DNA isolated from the indi-
cated numbers of cells was extracted and subjected to nested PCR
assay using iel region primers and conditions described in Fig. 2A.
*Percentage positive of 10 culture samples (10° cells per sample).
TNumber of cells assayed.

Despite the absence of infectious virus and g-Gal expres-
sion, a high proportion (between 10% and 100%, depending
on the sample) of infected GM-Ps from 10 different tissue
samples were positive for CMV DNA by cell-dilution PCR
analysis (Table 1) with a nested set of primers for iel region
(Table 2). The interaction of CMV with GM-Ps is summarized
in Fig. 1. DNA copy number was determined immediately
after infection and at 3, 7, 14, 21, and 28 days after infection
by quantitative competitive PCR. The cumulative cell num-
ber was also determined by direct count of cells, and the
percentage of cells that were genome positive was estimated
by cell dilution followed by nested DNA PCR. As GM-Ps
proliferated, cell numbers accumulating to 107-10® cells per
culture, viral DNA accumulated in parallel with the number
of cells. Cells and nuclei isolated from the same six cultures
were compared by dilution analysis, and viral DNA was
found mainly associated with the nuclei. An example in
which viral DNA was detécted in samples containing three or
more cells or nuclei is shown in Fig. 2A4. Results of this
analysis for all samples showed that CMV DNA was present
in between 10% and 100% of GM-Ps (Table 1). Quantitative
competitive PCR (27) with an iel cDNA clone as competitor
was used to estimate a viral genome copy number of 10-100
copies per genome-positive cell. This range was also ob-
served when nuclear DNA was analyzed (an example is
shown in Fig. 2B). Thus, CMV DNA was quantitatively
associated with GM-P cells at genome copy numbers char-
acteristic of latent infection by other herpesviruses.

The results suggested that the CMV genome was maintained
in GM-Ps in the absence of productive viral replication. When
cells were maintained in the presence of ganciclovir at con-
centrations of this drug known to inhibit productive viral
replication (5 or 10 uM), GM-P cell number increased 3- to
10-fold over a period of 2 weeks, and viral genome copy

Table 2. Primers and predicted products for PCR analyses
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F1G.2. (A)Retention of CMV DNA in cells and nuclei. Cells (Left)
and nuclei (Right) were counted and diluted to give an average of 100,
30, 10, 3, and 1 per tube, as indicated above lanes, before DNA was
prepared (20). Position of the 167-bp product generated by nested PCR
with iel-specific primers, first using IEP4BII and IEP2AII (Table 2)
for 30 cycles and then using IEP3B and IEP3A for 30 cycles, is
indicated next to the lanes of ethidium bromide-stained agarose gel.
(B) CMV DNA copy number. DNA isolated from 1.3 x 10* cells (at
left) or 1.3 x 10* nuclei (at right) was subjected to quantitative PCR
with primers IPE3C and IEP4BII (Table 2) in the presence of 3 x 103
to 1 X 106 copies of a denatured human CMYV iel cDNA plasmid as
competitor; copy numbers are indicated above lanes. Arrows, position
of 387-bp product from human CMV DNA and 217-bp product from
the competitive template. Results reveal that =3 x 10* CMV genomes
were present in these samples, equivalent to =20 genomes per
genome-positive cell. MWM, 100-bp ladder (GIBCO/BRL).

increased proportionately (data not shown). No differences in
morphology or cell growth characteristics were seen in in-
fected cultures when compared with uninfected controls, and
a low-passage strain of virus, Toledo strain (18), gave similar
results to those described for the Towne strain derivative
RC256. An additional 19 individual samples of fetal liver and
three samples of fetal bone marrow cells were tested in this
system using either strain of virus, and results consistent with
those described here were obtained.

Predicted product, bp

Primer Sequence Pair Unspliced Spliced
IEP4BII 5'-CAATACACTTCATCTCCTCGAAAGG-3' IEP2AII 721
IEP2AIl 5'-ATGGAGTCCTCTGCCAAGAGAAAGATGGAC-3’ IEP3D 263 151
IEP3B 5'-TCTGCCAGGACATCTTTCTC-3' IEP3A 167
IEP3A 5'-GTGACCAAGGCCACGACGTT-3'
IEP3C 5'-CAACGAGAACCCCGAGAAAGATGTC-3' IEP4BII 387 217
IEP3D 5'-CCAGACTCAGCTGACTGTTAACCTCCTTCC-3'
2.7A 5'-CGGATTATCATTTCCCTCTCCTACC-3' 2.7B 238
2.7B 5'-CCTTGCGGATTGACATTCTTGGTGGT-3’

112A 5'-CCGGTTGATGAACCGGCAGAAGGAG-3’ 113B 388 228
113B 5'-GAAAGGCCACCGCTTCAGACGTGTC-3'

113D 5'-GGACTGCTGCTCCGTCTCGTTCTTG-3' 112A 307 150

Primers were either purchased commercially or prepared on an Applied Biosystems DNA synthesizer.
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Table 3. Reactivation of latent virus

Number of CPE-
positive wells
Infected Infected
Days myeloid cells HFF cells

5 0/120 120/120
12 0/120 ND
16 3/120 ND
21 97/120 ND

Infected GM-Ps were subjected to long-term cocultivation with HF
cell monolayers. Ten individual samples of strain RC256-infected
myeloid cells, at 4 weeks postinfection were harvested, counted,
and, for each sample, 300 infected cells were transferred into 48 wells
of 96-well culture dishes seeded previously with HF cells. Twelve
wells of each sample were stained with 5-bromo-3-chloro-indolyl
B-galactoside at 5, 12, 16, and 21 days after initiating cocultivation.
As a positive control and to illustrate the rapid spread of CMV from
a productively infected cell under these conditions, 300 HF cells
containing one to five infected cells per well were cocultivated with
uninfected HF cells. ND, not done; CPE, cytopathic effect.

We noticed that the GM-Ps continued to proliferate during
the 12 days of coculture with HF cells, despite the fact that
they had already been in myelomonocytic culture for as long
as a month. Therefore, we investigated whether virus might
be recovered after a longer period of cocultivation. GM-Ps
from 10 individual sources were harvested at 4 weeks after
infection and seeded at 300 cells per well together with HF
cells. These cultures were maintained for an additional
3-week period. Recovery of virus (plaque formation) was
~ F1G. 3. Electrophoretic separation A
(2.5% agarose gels) of RT-PCR prod-
ucts of a and B gene transcripts in
GM-Ps at 4 weeks after infection. (4)
B2.7 gene expression. (B) UL112/113
gene expression. (C) Expression be-
tween iel exons 2 and 3. (D) Expres-
sion between iel exons 3 and 4. The left
set (lanes 1-6) of A and B show ethid-
ium bromide-stained bands, and the
right set (lanes 7-12) show autoradio-
graphic results of hybridization with
[*2P}dCTP-labeled B, or UL112/113
DNA prebes. (C and D) Ethidium bro-
mide-stained gels. A and B (lanes 2-6
and 8-12) use RNA from five different
samples of 10° infected GM-Ps, and C
and D (lanes 2-10) use RNA from three
different samples (nos. 1, 2, and 3) of

c
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assessed at 5, 12, 16, and 21 days after cocultivation (Table
3). Although the GM-Ps remained virus-negative through the
12-day time point, by 21 days, 80% of samples yielded virus.
For comparison, a few productively infected HF cells cul-
tured in parallel yielded plaques within 5 days (Table 3), and
an input of one cell-free infectious virus yielded a plaque
within 7 days (data not shown). Thus, virus associated with
GM-Ps is recovered with considerably delayed kinetics,
consistent with reactivation from latency rather than persis-
tence of small amounts of infectious virus. Reactivation
occurred in all of the 10 samples studied when 300 GM-Ps
were seeded, thereby showing reproducible recovery of
infectious virus from the latently infected GM-Ps. When
fewer than 300 GM-Ps were seeded, proportionately fewer
wells showed reactivation, suggesting that every genome-
positive cell in the culture was not capable of yielding virus
under these conditions. Similar results were obtained with
the low-passage Toledo strain of CMV (data not shown).
We surveyed 10 different latently infected GM-P cultures
for evidence of viral B8 gene expression by direct RT-PCR.
Fig. 3 A and B show examples of RT-PCR analyses from five
different samples of RNA from 10° cells using PCR primers
capable of detecting unspliced transcripts from the abun-
dantly expressed B, 7 gene (28) and from a family of spliced
transcripts from the UL112-113 gene (29). Neither of these
transcripts was detected, even though the conditions were
sensitive enough to detect transcripts in a single infected HF
cell (8 hr after infection) mixed in with 10° uninfected GM-Ps.
Transcription from a region of the a gene, iel, was readily
detected in all six latently infected GM-P cultures, even when

B

M1

2 3 456 7 8 9101112

7.8 9101112

150

103 infected (inf.) GM-Ps. Controls in-
cluded RNA extracted from one in-
fected HF cell (8 hr) mixed with 10°
uninfected GM-P cells (A and B; lanes
1 and 7), from 10 infected HF cells (4
hr) mixed with 10° uninfected GM-P
cells (C and D; lane 11), or from 10
infected NIH 3T3 cells (4 hr) mixed
with 103 uninfected GM-P cells (C and
D; lane 12). In C and D, three analyses
were done for each sample, one in
which reverse transcriptase was in-
cluded in the reactions (RT PCR), and,
as controls, one in which reverse tran-
scriptase was left out of the reaction
(PCR), and one where RNA was
treated with 20 ng of RNase A (Sigma)
for 1 hr at 37°C before RT-PCR (RNase
PCR). All RNA samples were also
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treated with RNase-free RQ1 DNase. PCR of CMV DNA from a sample of 10 infected GM-Ps is also shown for comparison in lane 1. The 8, 7
transcript RT-PCR used 45 cycles of PCR with primers 2.7A and 2.7B, and the UL112/113 transcript RT PCR used a partially nested amplification
first with primers 112A and 113B for 30 cycles and then with primers 112A and 113D for 30 cycles. For the iel transcript analysis, 30 cycles
of PCR with either primers IEP2AII and IEP3D (exon 2-3; C) or IEP4BII and IEP3C (exon 3-4; D) were used. Lane M, 100-bp ladder
(GIBCO/BRL). Primers and predicted PCR products are listed in Table 2. PCR products are denoted by an arrow next to the panels.
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RNA from as few as 103 cells was evaluated by RT-PCR (three
examples are shown for each of two different iel splice
junctions in Fig. 3 C and D). Analyses using RNA from
uninfected GM-Ps were uniformly negative. Surprisingly, the
signal we observed was largely derived from unspliced RNA
in the infected GM-Ps, rather than from spliced RNA typical
of either productively infected HF or abortively infected
mouse NIH 3T3 fibroblasts. An overwhelming majority of iel
region RNA remained unspliced in all six independent GM-P
cultures examined and was readily detected in RNA from 10°
cells by RT-PCR. The presence of unspliced RNA was dem-
onstrated between exons 2 and 3 (Fig. 3C) or between exons
3 and 4 (Fig. 3D) of the iel gene. Using semiquantitative PCR
conditions, we estimated that each RNA sample contained at
least 10 copies of cDNA before amplification. Between 70 and
99% of these transcripts remained unspliced, as estimated by
probing PCR reaction products with internal oligonucleotide
probes (data not shown). This high relative abundance of
unspliced transcript is unusual and indicates that iel region
expression during latency may be different than occurs during
productive infection (2). RNA isolated from a cell dilution
series was evaluated by RT-PCR analysis, and we estimated
that no less than 2-5% of CMV genome-positive cells con-
tained this unspliced transcript. Using monoclonal antibodies,
we failed to detect any evidence of the 72-kDa iel gene product
in these cells (data not shown), which was consistent with the
relative absence of appropriately spliced transcript. Further
analysis has shown that =10% of this unspliced RN A appeared
to be polyadenylylated (data not shown).

DISCUSSION

The importance of latency to pathogenesis of human CMV has
been evident for >30 yr (1), yet little concrete information
currently exists on the nature or expression of the latent CMV
genome. Unlike the neuronal site that characterizes latency of
alphaherpesviruses, such as herpes simplex virus, or the B
lymphocyte that is clearly important for latency of the gam-
maherpesvirus Epstein-Barr virus, the site of human CMV
latency has been elusive. Despite the fact that sensitive PCR
methods have reproducibly shown association of the viral
genome with mononuclear leukocytes (3, 4), the absence of a
manipulable system to reactivate virus has limited any under-
standing of these cells as sites of latent infection. Our work
establishes a system to study CMYV persistence in human bone
marrow-derived primary myelomonocytic cells, a potential
reservoir of latent CMV in healthy carriers (4). The system
described here opens the way to investigate the establishment,
maintenance, and reactivation phases of latent infection.

We have found that CMV infection of GM-Ps is noncyto-
cidal and that viral gene expression is restricted. Previous
studies have suggested that the GM-P population restricts
CMV replication, although stromal cells support CMV rep-
lication (12-15). Interestingly, CMV gene expression was
similarly restricted in the large adherent cells that develop in
these cultures. We identified an atypical, unspliced iel region
transcript in infected GM-Ps, and the expression of this
transcript can now be evaluated directly as a marker of
latency in healthy carriers.

The ability to activate virus after extended cocultivation
with permissive cells indicates that CMV replication in GM-Ps
depends upon growth or differentiation that occurs during
cocultivation. The dependence of CMV replication on the
differentiation state of cells—in particular, monocytes (5-7)—
has been the topic of study in several laboratories. We can now
investigate the importance of viral and host cell functions in
latent infection using the GM-P cell culture system.

Proc. Natl. Acad. Sci. USA 91 (1994) 11883

Our study establishes that both low-passage as well as
high-passage laboratory strains of CMV retain the biological
potential for latent infection of GM-Ps. During latent infec-
tion viral DNA is stably associated with growing cells, and a
ganciclovir-resistant parallel increase in viral DNA along
with cell number occurs during culture. Our results suggest
a mechanism for maintaining the viral genome in latently
infected GM-Ps that is distinct from that used during pro-
ductive replication. The detection of atypical iel region
transcripts suggests that the products may play some role in
latent infection, possibly in genome maintenance. In addition
to yielding information on the nature of the viral genome and
viral gene expression, this system will enable the direct
investigation of the role of atypical transcripts from the iel
region in establishment or maintenance of latent infection.

We acknowledge Reiko Namikawa, particularly for help in per-
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