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Herpesviruses establish lifelong latent infections in their hosts. Human cytomegalovirus (CMYV) targets a
population of bone marrow-derived myeloid lineage progenitor cells that serve as a reservoir for reactivation;
however, the mechanisms by which latent CMYV infection is maintained are unknown. To gain insights into
mechanisms of maintenance and reactivation, we employed microarrays of ~26,900 sequence-verified human
cDNAs to assess global changes in cellular gene expression during experimental CMV latent infection of
granulocyte-macrophage progenitors (GM-Ps). This analysis revealed at least 29 host cell genes whose ex-
pression was increased and six whose expression was decreased during CMV latency. These changes in
transcript levels appeared to be authentic, judging on the basis of further analysis of a subset by semiquan-
titative reverse transcription-PCR. This study provides a comprehensive snapshot of changes in host cell gene
expression that result from latent infection and suggest that CMV regulates genes that encode proteins
involved in immunity and host defense, cell growth, signaling, and transcriptional regulation. The host genes
whose expression we found altered are likely to contribute to an environment that sustains latent infection.

Human cytomegalovirus (CMV) is a ubiquitous, species-
specific herpesvirus that causes serious, sometimes life-threat-
ening disease in congenitally infected neonates as well as in
immunocompromised solid-organ and bone marrow allograft
transplant recipients (40). One of the principle reasons why
CMV is the cause of disease is that this virus reactivates from
latency in immunocompromised hosts. Lifelong latent infec-
tion occurs in a small percentage of hematopoietic progenitor
cells, in which the viral genome is maintained as an extrachro-
masomal plasmid (4) at between 2 and 13 genome copies per
infected cell (56). Reactivation from latency occurs sporadi-
cally throughout life but is enhanced by immunosuppression
and allograft rejection in transplant recipients, in whom virus
replication reaches high levels and can be detected in the
peripheral blood (PB) as well as in body fluids (40). Studies
using purified CMV-infected cell populations from healthy
donors or experimentally infected granulocyte-macrophage
progenitors (GM-Ps) have identified monocytes and their pro-
genitors as prominent sites of latent infection (3, 24, 34, 60,
62). Maintenance of latency and reactivation are linked to the
cellular differentiation state (54, 58, 59, 63). Although CMV
resides in progenitors that may give rise to a range of different
cell types, including myeloid progenitors and possibly more
primitive cells, PB monocytes appear to maintain latent infec-
tion and activated macrophages support reactivation and ac-
tive replication. Analyses have suggested that only limited tran-
scription occurs from the viral genome during latency (2, 15,
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24). The major immediate-early (MIE) region expresses CMV
latency-associated transcripts (CLTs) (17, 23-25, 56, 67) in a
small subset of latently infected GM-Ps as well as during nat-
ural infection. Antibodies to the proteins encoded by these
transcripts are present in the sera of healthy blood donors as
well as in those of transplant recipients (25, 27), suggesting that
these proteins are expressed during natural infection. Despite
the significance of the latent phase of infection to the success
of this virus as a human pathogen and the availability of cel-
lular systems for the study of infection, CMV latency remains
poorly understood.

Large-scale analyses of host cell transcript levels during pro-
ductive CMV infection of permissive human foreskin fibro-
blasts (HFFs) has concentrated on the initial phase (6, 75) and
impact of virion components such as gB (53). When global
changes were assessed through 48 h postinfection on microar-
rays representing 12,626 genes, over 1,400 (over 11%) of cel-
lular genes showed alterations in levels (6) without any obvious
differences between viral strains (75). Little is known about the
impact of latent infection by CMV on host cell transcription.
Studies examining a number of leukocyte surface markers have
suggested little impact of latent infection (17). Recent work
has suggested that CMV infection reduces cell surface major
histocompatibility complex class II (MHC-II) levels normally
found on GM-Ps (57), although this was shown to occur at a
posttranscriptional level. The presence of novel viral tran-
scripts in latently infected GM-Ps suggests that virus-encoded
gene products might alter cellular gene expression and confer
a survival advantage on the infected cell.

Here we investigate global changes in the host cell transcrip-
tome during experimental latent infection of primary human
GM-Ps to gain insights into how this infection might alter these
cells. Using cDNA microarrays, we identified a subset of host
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cell genes whose expression becomes significantly and repro-
ducibly altered by infection. Many of these genes could be
classified and grouped together under major functional head-
ings, including immunity and host defense, cell growth, signal-
ing, and transcriptional regulation.

MATERIALS AND METHODS

Unless otherwise stated, all enzymes and molecular biology reagents were
from BRL (Invitrogen), all chemicals were from Sigma, and all tissue culture
products were from CSL, Parkville, Victoria, Australia.

Cell and virus culture. Primary human fetal liver-derived GM-Ps were grown
in GM-P medium as previously described (24) except that cells were maintained
at a concentration of 2 X 10%ml. On day 4 of culture growth, nonadherent cells
were either mock infected or infected with CMYV strain Toledo at a multiplicity
of infection (MOI) of 3. Mock infection was performed in parallel with CMV
infection and involved treating GM-Ps in the same way as those infected with
CMV except for the omission of virus. GM-Ps for mock and CMV latent infec-
tion were prepared from the same fetal liver sample, and the cell numbers,
volumes and concentrations, incubation times, medium batches, washes, and
centrifugation steps were all kept constant. Nonadherent cells were transferred
to fresh culture flasks three times per week. HFFs at passages 13 to 18 were used
for virus propagation and plaque assays to determine virus titers. Assessment of
Toledo-infected GM-P cultures by cell dilution-PCR and quantitative competi-
tive PCR (56) revealed detection of the viral genome down to a dilution of two
GM-P cells and that each cell harbored (on average) between two and eight viral
genomes. These analyses are consistent with our previous demonstration that the
GM-P model of latency reproducibly results in more than 90% of myeloid
progenitor cells becoming infected with CMV (MOI = 3), with the viral genome
sequestered within cell nuclei (24, 56).

Although they were previously shown to be nonpermissive to productive CMV
infection (17, 24, 56), we sought to confirm by plaque assay that the GM-Ps used
in these studies did not support productive replication. In parallel with our
microarray analyses, on day 14 postinfection cell lysates (from 10* cells) and
culture supernatants were grown in cultures with permissive HFFs for 10 days
without any evidence of plaque formation. These data are consistent with pre-
vious reports of studies that failed to detect productive infection of GM-Ps even
within the first week after exposure to virus (24, 56, 67).

RNA isolation and amplification. Total RNA was extracted using an RNAque-
ous kit (Ambion Inc.). For microarray experiments, nRNA was amplified using
a modification of a linear amplification method (64). Equal amounts of mock-
infected and infected RNAs were reverse transcribed in the presence of 4 pg of
T7 RNA polymerase promoter-containing oligo-dT primer (Genset)-0.6 M tre-
halose—1X First Strand buffer (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM
MgCl,)-10 mM dithiothreitol (DTT)-40 U of RNaseout-200 pM deoxynucleo-
side triphosphates (ANTPs)-5 ng of linear acrylamide/pl (Ambion, Inc.)-200 U
of SuperScript II at 37°C for 5 min followed by 45°C for 5 min and then
alternating between 60°C for 2 min and 55°C for 2 min. Double-stranded (ds)
c¢DNA was then synthesized in the presence of 1X Second Strand buffer [20 mM
Tris-HCI (pH 6.9), 90 mM KCI, 4.6 mM MgCl,, 150 nM B-nicotine adenine
dinucleotide, 10 mM (NH4),SO,, 200 .M dNTPs, 10 U of Escherichia coli DNA
ligase, 40 U of E. coli DNA polymerase, 2 U of RNase H) for 2 h at 16°C.
Following extraction with phenol:chloroform:isoamyl alcohol (25:24:1), ds
c¢DNA was precipitated from the aqueous layer, desalted, and used together with
a MegaScript transcription kit (Ambion Inc.) to transcribe an antisense RNA
(aRNA) probe.

RNA labeling, microarray hybridization, and data analysis. Equal amounts of
aRNA from mock and latent cultures were incubated for 2 h at 42°C in the
presence of 6 pg of random primers—1X First Strand Buffer-10 mM DTT-dNTP
mix (I mM dATP, dGTP, and dCTP and 0.6 mM dTTP)-13.3 U of SuperScript
1I/pl-3 nM of either Cya3-dUTP or Cya5-dUTP (Perkin Elmer). To account for
any variation in the incorporation of Cya3 and Cya3, the dye labels were swapped
in half of the experiments. Labeled cDNAs were washed with Tris-EDTA buffer
(10:1), mixed with 20 pg of Cot-1 human DNA-20 pg of poly(A)-RNA (Sig-
ma)-20 pg of tRNA, and concentrated using Microcon YM-30 filters (Millipore)
before being hybridized in the presence of 3.4X SSC (1Xx SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-0.3% sodium dodecyl sulfate to microarrays for
16 h at 65°C. Glass microscope microarrays bearing ~26,900 PCR-amplified,
sequence-verified human cDNA clones (Research Genetics) were obtained from
the Stanford University Department of Microbiology and Immunology Microar-
ray Consortium. Prior to hybridization, microarrays were postprocessed using a
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protocol published at the following website address: http://cmgm.stanford.edu
/pbrown/protocols/3_post_process.html.

Following hybridization, microarrays were washed sequentially for 2 min in 2X
SSC-0.1% sodium dodecyl sulfate, 1X SSC, and 0.2X SSC and scanned using a
GenePix 4000-series dual laser scanner (Axon Instruments, Union City, Calif.).
An integrated software package (GenePix Pro version 3.0) was used to acquire
data from each hybridized microarray. Each of the spots on an array was sub-
jected to the following quality control criteria. (i) GenePix software-assisted
flagging was used to exclude spots that were missing or irregular in shape, had
high background levels, or were otherwise poorly resolved. (ii) Median-normal-
ized pixel intensity for both Cya3 and Cya5 was used to exclude spots with an
intensity level of <100. The expression of a clone was defined as up- or down-
regulated when the corresponding spot met the above criteria and had a ratio of
Cya5/Cya3 or Cya3/Cya5 median pixel intensity above the background level of
2.0 or higher in at least four out of six replicate experiments. Each protocol used
in the generation and analysis of mock- and latently infected cells was carefully
examined and standardized between experiments to minimize the introduction of
cellular gene expression changes unrelated to CMV latent infection. The Stan-
ford Online Universal Resource for Clones and ESTs was used to search indi-
vidual clones by their identification numbers (http://www.stanford.edu/cgi-bin
/sourceSearch). Supplementary data can be found at http://www.wmi.usyd
.edu.au/milinstitute/cytomegalovirus.htm. The presentation of microarray-re-
lated information was based upon the Minimal Information About a Microarray
Experiment standard as proposed by the Microarray Gene Expression Database
group (5).

Semiquantitative RT-PCR. Total RNA (1 p.g) was reverse transcribed with 200
ng of random hexamers—1Xx First Strand buffer-10 mM DTT-1 mM dNTPs-40
U of Rnaseout-200 U of SuperScript IT at 42°C for 1 h, and 2 U of RNaseH was
added at 37°C for 20 min to remove RNA from RNA:DNA hybrids. Serial 1:3
dilutions of cDNA were subjected to PCR with intron-spanning, gene-specific
primers in 1X Platinum PCR Supermix (Invitrogen), with an initial denaturation
at 94°C for 2 min and then 35 cycles of 94, 60, and 72°C (30 s each). Reverse
transcription-PCR (RT-PCR) products, together with a DNA size ladder, were
resolved by electrophoresis. Product specificity was also determined by direct
sequencing of RT-PCR products. The 5’ to 3" sequences of the forward and
reverse primers were as follows: for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), CGAGATCCCTCCAAAATCAA (forward) and TGTGGTCATG
AGTCCTTCCA (reverse); for colony-stimulating factor 3 receptor (CSF3R),
AGACTGGGAGCAGAGCTTCA (forward) and CAGCGTATCTGCAGGG
TGTA (reverse); for monocyte chemotactic protein 1 (MCP-1), GCCTCCAGC
ATGAAAGTCTC (forward) and TCAAGTCTTCGGAGTTTGGG (reverse);
for cyclic:AMP response element binding protein 1 (CREB1), GGAGCTTGT
ACCACCGGTAA (forward) and TACGTCTCCAGAGGCAGCTT (reverse);
for S100 beta neural, ATGTCTGAGCTGGAGAAGGC (forward) and GTAA
CCATGGCAACAAAGGC (reverse); for protein kinase R, CCGTCAGAAGC
AGGGAGTAG (forward) and ATGCCAAACCTCTTGTCCAC (reverse); for
acute myeloid leukemia-1B (AML1b), CCCTAGGGGATGTTCCAGAT (for-
ward) and GTGAAGGCGCCTGGATAGT (reverse); for myeloperoxidase
(MPO), TGGACTTAGGACCTTGCTGG (forward) and GTGAAGTCGAGG
TCGTGGTC (reverse); for bactericidal permeability increasing protein 1, GTG
GTCAGGATCTCCCAGAA (forward) and TGCCACCAGACCATAGTTGA
(reverse); for azurocidin 1 (AZU1), TTTTCCATCAGCAGCATGAG (forward)
and ACTCGGGTGAAGAAGTCAGG (reverse); for POU domain 2 transcrip-
tion factor 2 (POU2F2), CTTCAGCCAGACGACCATTT (forward) and GCC
CAGCATGATTCAAGAAG (reverse); and for lymphocyte antigen 6 complex
locus E (LY6E), ATCTTCTTGCCAGTGCTGCT (forward) and CGCACTGA
AATTGCACAGA (reverse).

RESULTS AND DISCUSSION

Alteration of host cell gene expression during experimental
latent infection of GM-P cells. A microarray approach was
applied to assess patterns of host cell gene expression in re-
sponse to CMV latent infection. Latently infected cells were
generated using a well-characterized cell culture-based system
first described by Kondo et al. (24). GM-Ps were either mock
infected or latently infected with CMV strain Toledo using an
MOI = 3. On day 14 postinfection, total RNA was extracted
and equal quantities (3 ng) were reverse transcribed using a
primer consisting of poly(dT)-T7 RNA polymerase promoter
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FIG. 1. (A) Quality and size range of aRNAs. The mRNA from
mock-infected or CMV latently infected cells was amplified using a
linear amplification method. aRNAs from mock-infected (lane 2) and
CMV latently infected (lane 3) cells were electrophoresed under de-
naturing conditions and visualized by ethidium bromide staining. The
size range of aRNAs was determined by comparison to a single-
stranded RNA ladder (lane 1). The majority of aRNAs ranged in size
from 200 to 1,800 bp. (B) Scatter plot depicting the median pixel
intensities of Cya5 and Cya3 fluorescence on individual human cDNA
clone spots after they were hybridized against aRNAs from mock-
infected (Cya3-labeled) and latently infected (CyaS-labeled) GM-Ps.
Upregulated (Cya5:Cya3 = 2.0) and downregulated (Cya3:Cya5 = 2.0)
clones are shaded red and green, respectively. The vast majority of
clones did not exhibit significantly altered expression (i.e., ratios =
2.0). These are plotted between the colored trend lines.

sequences. Following ds cDNA synthesis, aRNA was gener-
ated by in vitro transcription. To confirm successful amplifica-
tion, aliquots of denatured in vitro transcription products were
electrophoresed in agarose gels and examined by ethidium
bromide staining. The presence of a characteristic nucleic acid
smear was consistent with the successful amplification of a
large range of poly(A)-containing mRNAs (Fig. 1A). The ma-
jority of aRNAs ranged in size between ~200 and ~1,800 bp
(as determined on the basis of comparison to molecular weight
markers), with both mock- and latently infected samples being
amplified to equal levels.

J. VIROL.

aRNAs from mock-infected and infected cultures were la-
beled with either Cya3 or Cya5 fluorescent dyes and hybridized
to cDNA microarrays bearing ~26,900 human ¢cDNA clone
spots. These microarrays contained spots representing 7,642
unique human genes based upon known or suspected homol-
ogy. The remainder were predominantly expressed sequence
tags (ESTs) or clones without gene names (as determined by
searching the Stanford Online Universal Resource for Clones
and ESTs website). After each of the hybridized microarrays
was scanned, an overlaid image of Cya3 and Cya5 fluorescence,
together with a data set spreadsheet, was generated. Several
quality controls were applied to ensure that only well-defined
features with significant levels of hybridization were analyzed
further (see Materials and Methods). A comparison of Cya3
and Cya5 median pixel intensity levels for each clone spot was
generated as a scatter plot (Fig. 1B). When the data are dis-
played in this form, the clones that were up- or downregulated
by a factor of at least 2.0 fall on or outside the trend lines
indicated.

We performed six replicate experiments to identify host cell
genes that were reproducibly altered during latent CMV in-
fection. These six microarray experiments were performed us-
ing independent, freshly prepared GM-P cultures that were
divided into two aliquots for mock or CMV latent infection.
Each GM-P culture was derived from a separate fetal liver.
Expression data were collated and compared across the six
experiments. A number of statistical approaches for the des-
ignation of reproducibly altered genes have been proposed
(38). We included in our list of significantly and reproducibly
expressed clones those which met the quality control criteria
for a “good” clone spot and whose expression levels were
altered by a factor of 2.0 or more in at least four out of the six
independent experiments. The use of a twofold cutoff value has
been frequently used by others as a useful standard for select-
ing differentially expressed genes from microarray experiments
(11, 19, 20, 45, 47, 65), and both theoretical and empirical
calculations have supported the use of twofold changes as a
robust and sometimes conservative cutoff value (49, 71, 72).
This analysis of host cell gene expression during experimental
latency in GM-Ps indicated that 60 clones were upregulated
(mean severalfold upregulation, between 2.0 and 15.9) and
that 8 were downregulated (mean severalfold downregulation,
between 2.7 and 11.5). A total of 30 upregulated clones and 6
downregulated genes (representing about 0.5% of named
genes) were named. These data revealed that CMV latent
infection altered the expression of a subset of host cell genes
(Table 1).

Validation of microarray data by semiquantitative RT-PCR.
To verify the microarray data, we performed RT-PCR on a
subset of 11 randomly chosen genes which represented 7 of the
upregulated and 4 of the downregulated genes. RNA from
additional mock- or latently infected GM-Ps was reverse tran-
scribed and serially diluted before amplification with gene-
specific primers. RT-PCR of a putative housekeeping gene,
GAPDH, was included for comparison. The dilution series of
RT-PCR products from mock-infected and latently infected
RNA samples were resolved by gel electrophoresis (Fig. 2). All
products migrated at their predicted sizes; in all cases, the
dilution RT-PCR indicated either an up- or downregulation of
transcription which correlated with the up- or downregulation
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TABLE 1. Summary of human cDNA clones upregulated or downregulated during latent CMV infection of GM-P cells

LLID or

Clone no. Abbreviation(s) 2CCESSION 10, Clone name or characteristic(s) Ratioc® SEM¢  Regulation
759948  S100B 6285 S100 beta (neural) 15.9 4.6 Up
754479 Clorf29 10964 Chromosome 1 open reading frame 29 5.7 1.9 Up
148421  NA BQO004606  ESTs 5.6 2.8 Up
289499  NA BM696564  ESTs 5.6 3.6 Up
784224  FGFR4 2264 Fibroblast growth factor receptor 4 5.6 3.6 Up
285344  NA CA447283  ESTs 53 2.5 Up
205633  CCL4 (MIP-1B) 6351 Small inducible cytokine A4 4.9 2.6 Up
284545 NA AKO093907  Homo sapiens cDNA FLJ36588 fis, clone TRACH2013991 4.8 1.9 Up
360392  MAP3K13 9175 MAPK KK13 4.7 2.1 Up
592359  HKE4 7922 HLA class II region expressed gene KE4 4.7 2.0 Up
267634  RAF1 5894 v-raf-1, murine leukemia viral oncogene homolog 1 4.6 2.7 Up
1470048 LYO6E 4061 Lymphocyte antigen 6 complex, locus E 4.5 1.7 Up
79576 MS4A7 (Fc epsilon RI B7) 58475 Membrane-spanning 4-domains 4.3 1.7 Up
561851 NA AKO025205  Homo sapiens cDNA: FLJ22547 fis 4.1 2.0 Up
841238 NA AL713738  Homo sapiens mRNA; cDNA DKFZp667P0610 4.0 1.7 Up
79726 Cl170rf28 80791 Chromosome 17 open reading frame 28 39 1.3 Up
199185  MS4A7 (Fc epsilon RI B7) 58475 Membrane-spanning 4-domains 39 0.8 Up
80109 HLA-DQa 3117 MHC II, DQ alpha 1 3.7 0.8 Up
878259 NA AA775803  EST, moderately similar to 168897 probable thioredoxin p 3.7 1.6 Up
248528 NA N/A In multiple clusters 35 1.2 Up
303109  P2YS5 10161 Purinergic receptor (family A group 5) 35 1.2 Up
504372 NA AK091799  ESTs, moderately similar to hypothetical protein DKF 35 1.0 Up
950587 NA AL713686  Homo sapiens mRNA; cDNA DKFZp667B083 35 1.6 Up
23903 NA NA In multiple clusters 3.4 1.0 Up
395609 NA AW952334  ESTs 34 1.0 Up
840708 NA AK093984  Homo sapiens, clone IMAGE:4711494, mRNA 34 0.4 Up
23676 NA AK092850  Homo sapiens clone 23676 mRNA sequence 33 1.2 Up
160437  CD169 H22126 Sialoadhesin 32 0.7 Up
504302  MGC16212 84855 Hypothetical protein MGC16212 31 0.9 Up
725630  PEAI1S 8682 Phosphoprotein enriched in astrocytes 15 31 0.6 Up
258860  NA NA In multiple clusters 3.0 0.7 Up
813392  RBMI2 10137 RNA binding motif protein 12 3.0 0.9 Up
898259  NA BM458572  ESTs, weakly similar to hypothetical protein FLJ20378 3.0 0.9 Up
22374 NA NA In multiple clusters 2.9 0.9 Up
148444  CREB1 1385 cAMP-responsive element binding protein 1 2.9 0.7 Up
21567 NA ALS832712  Homo sapiens cDNA FLJ31019 fis 2.8 0.9 Up
156962  KIAA1145 57458 KIAA1145 2.8 0.6 Up
239661 SPK 8189 Symplekin; Huntingtin interacting protein I 2.8 0.8 Up
323185  PKR BM462024  Protein kinase R 2.8 0.6 Up
810096  SOX18 54345 SRY (sex-determining region Y)-box 18 2.8 0.7 Up
50276 KIAA1554 57674 KIAA1554 protein 2.7 0.5 Up
344139  DOC1 11259 Downregulated in ovarian cancer 1 2.7 0.9 Up
415535 NA W78782 ESTs 2.7 0.3 Up
487458 CES1 1066 Carboxylesterase 1 2.7 0.7 Up
769959  COL4A2 1284 Collagen, type 1V, alpha 2 2.7 0.6 Up
504461 OPN3 23596 Opsin 3 (encephalopsin, panopsin) 2.6 0.7 Up
589484  RUNXI1 861 AML1 2.6 0.7 Up
525799 GCHFR 2644 GTP cyclohydrolase I feedback regulatory protein 2.5 0.5 Up
768561  CCL2 (MCP-1) 6347 Monocyte chemotactic protein 1 2.5 0.5 Up
785699  NA AA449332  EST 25 0.6 Up
809533  MGC14376 84981 Hypothetical protein MGC14376 25 0.7 Up
288807  BLAME 56833 B-cell activator macrophage expressed 2.4 0.4 Up
487082  SART2 29940 Squamous cell carcinoma antigen recognized by T cell 2.4 0.4 Up
809425  MGC2654 79091 Hypothetical protein MGC2654 24 0.3 Up
361323  RGS1 5996 Regulator of G-protein signaling 1 2.2 0.5 Up
504794  RES4-22 8603 Gene with multiple splice variants near HD locus 2.2 0.4 Up
52076 OLFM1 10439 Olfactomedin 1 21 0.4 Up
742979  NA N/A In multiple clusters 2.1 0.4 Up
1358266 POU2F2 5452 POU domain, class 2, transcription factor 2 2.0 0.4 Up
436554  MPO 4353 Myeloperoxidase 11.5 49 Down
436741 NA AY044233  Unknown (Homo sapiens), mRNA sequence 7.9 3.0 Down
869466  BPI 671 Bactericidal/permeability-increasing protein 4.1 1.3 Down
448032  AZU1 566 Azurocidin 1 (cationic antimicrobial protein 37) 4.0 1.7 Down
125308  MPO 4353 Myeloperoxidase 32 0.9 Down
298268 BTGl 694 B-cell translocation gene 1, antiproliferative 3.0 0.6 Down
562729  S100A8 6279 S100 calcium binding protein A8 (calgranulin A) 2.9 0.7 Down
809639  CSF3R 1441 Colony-stimulating factor 3 receptor (granulocyte) 2.7 0.8 Down

“ LocusLink identification number. In cases in which a clone did not have a LLID (as of 1/18/2003), its accession number is listed.
® Mean severalfold ratio change.

¢ Standard error of the mean severalfold ratio change.

4 NA, not applicable.
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FIG. 2. Validation of microarray data with semiquantitative dilu-
tion RT-PCR. Serial threefold dilutions (from 1:15 to 1:3,645) of
cDNA derived from mock-infected and latently infected GM-P cul-
tures were amplified using gene-specific primers under limiting PCR
cycle conditions. RT-PCR products were then separated by electro-
phoresis in 2% agarose gels and visualized by ethidium bromide stain-
ing. In total, transcripts from 1 housekeeping gene (GAPDH) and 11
other cellular genes were assessed for their relative abundances in
mock-infected and latently infected GM-Ps; these data were compared
with microarray-derived expression data for the same genes. GAPDH
expression was unchanged (=). Upward- and downward-pointing ar-
rows indicate up- and downregulation (as determined by dilution RT-
PCR or microarray). In each case, dilution RT-PCR and microarray-
derived data were consistent with each other.

indicated by the microarray data. In addition, the specificity of
the assay was confirmed by direct sequencing of RT-PCR
products. GAPDH was equally amplified from both the mock-
and latently infected RNA samples, and this was consistent
with microarray-derived data that showed no significant
change in GAPDH expression during latent infection. The
application of semiquantitative dilution RT-PCR served as an
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independent assessment of host cell gene transcription and
validated the microarray assay. There is considerable pub-
lished literature reporting a lack of correlation between mi-
croarray-based severalfold changes and PCR-based methods.
For example, an examination of several studies which present
both quantitative RT-PCR and microarray data suggest that, at
best, quantitative RT-PCR will consistently reflect the up- and
downregulated status and will not accurately reflect the mag-
nitude of the severalfold changes as indicated by microarray
(13, 44, 45). Tt is also interesting that microarrays have been
frequently reported to underestimate the severalfold change
with respect to absolute changes in transcript levels (13, 38, 46,
61, 68, 73).

Although the human cDNA clones used to generate mi-
croarrays used in our studies were from a sequence-verified
set, we returned to the original microtiter clone storage plates
that were used for microarray printing and sequenced a num-
ber of clones representing named genes that were consistently
up- or downregulated during latent infection. We selected the
25 genes whose expression profiles had not been independently
confirmed by semiquantitative RT-PCR. Sequences were com-
pared to the human genome sequence using the National Cen-
ter for Biotechnology Information Basic Local Alignment
Search Tool (BLAST). Using this approach, 21 out of 22 suc-
cessfully sequenced clones were verified as corresponding to
the published sequence, with the clone that was not verified
being omitted from the data set depicted in Table 1.

Functions of CMV-regulated host genes. This study repre-
sents an initial global assessment of host cell gene transcrip-
tional changes during latent CMV infection. Although the
frequency with which protein levels equate to transcript levels
measured by microarrays remains unclear, an assumption in
the analysis of microarray-based studies that assess changes in
transcription is that in many cases, these changes will at least
reflect qualitative changes in protein expression of the corre-
sponding gene. There are certainly likely to be exceptions to
this assumption, so functional studies at the protein level will
ultimately be required to determine the biological significance
of these changes. This will be a major focus of our follow-up
studies. Changes would also be best confirmed using latently
infected cells isolated from naturally infected donors, but the
lack of methods for identification and isolation of infected
progenitor cells prevents such studies from being undertaken.
Nevertheless, the importance of proceeding with studies using
the GM-P model of latency is reinforced by previous findings
using this model which have subsequently been validated in
naturally infected individuals (17, 24, 25, 27, 56). Most of the
named genes whose expression changed during latency could
be categorized into functional groups that included transcrip-
tion factors, immunity and host cell defense proteins, signaling,
and cell growth functions (Fig. 3). On the one hand, these
alterations may reflect the consequences of viral manipulation
of host genes, presumably via the expression of viral gene
products that aid latency or reactivation. On the other hand,
changes may indicate the induction of host cell defense mech-
anisms aimed at limiting the consequences of latent infection.
The ability of latent virus to persist in the host argues in favor
of the former being true. Although the contribution of these
gene expression changes to CMV latent infection remains
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Immunity & host defense Transcription factors
MS4A7 (Fc epsilon RI §7) (up) POU2F2 (up)

CCL2 (MCP-1) (up) WR ey, W AML1 (up)

CCL4 (MIP-1B) (up) CREB1 (up)

HLA DQa. (up)

PKR (up)

CD169 (up)

LYSE (up) X A Signaling

BLAME (up) Cell growth PEA15 (up)

HKE4 (up) POU2F2 (up) CD169 (up)

MPO (down) FGFR4 (up) RGS1 (up)

AZU1 (down) S100B (up) MAP3K13 (up)

BPI (down) RAF1 (up) RAF1 (up)

S100A8 (down)  CSF3R (down)  P2Y5 (up)
BTG1 (down) LY6E (up)

FIG. 3. Diagram depicting a snapshot of CMV latency with respect
to upregulated (red) and downregulated (green) genes which could be
grouped by a related function(s). The majority of identified genes
could be grouped under the following headings: transcription factors,
immunity and host cell defense, signaling, and cell growth.

speculative, many of these genes have known functions that are
consistent with a supportive role during latency.

Most notably, transcription factors were upregulated during
latent CMV infection that could impact productive immediate-
early (IE) gene expression as well as latent gene expression.
POU2F2 is a transcription factor that is differentially spliced to
generate several isoforms. These isoforms play important roles
as either repressors or activators of transcription of central
nervous and immune system genes bearing the octamer motif
ATTTGCAT, and POU family members have been shown to
be involved in herpesvirus gene regulation (29). The microar-
rays used in our study were printed with a clone of POU2F2
whose sequence overlaps five POU2F2 isoforms due to the
presence of at least one common exon. Dilution RT-PCR of
RNA extracted from mock-infected and infected GM-Ps con-
firmed the upregulation of POU2F2 (Fig. 2), and sequence
analysis of the RT-PCR product revealed the upregulation of
isoform POU2F2.1. The function of this isoform appears to be
cell type specific, as it can act as an activator in B cells but as
arepressor in neuronal cells (29, 41). Our finding that this gene
was upregulated in latency suggests a possible role as a repres-
sor of productive CMV gene expression. In this respect,
POU2F2 has been shown to repress the expression of both
herpes simplex virus type 1 IE genes and a varicella zoster virus
(VZV) IE gene (30, 41). Thus, as is suspected with respect to
herpes simplex virus type 1 and varicella zoster virus, POU2F2
may promote the shutdown of productive CMV infection and
establishment of latency. Upregulation of POU2F2 in infected
cells may sustain latent infection.

The transcription factor AMLI, which is important in my-
eloid cell differentiation and oncogenesis (32), was also up-
regulated in latently infected GM-Ps. Differential splicing of
AML1 mRNA gives rise to at least 11 isoforms that act as
repressors and/or activators of transcription, depending on the
cofactors that are recruited and the promoter context (21, 32).
The microarrays we used contained an almost-full-length
cDNA clone of isoform AML1b that has been shown capable
of repression and activation (32). This clone shares homology
with many other AML1 isoforms due to the presence of com-
mon exons. Direct analysis by RT-PCR with AMLI1b primers
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confirmed the upregulation of this isoform in latently infected
GM-Ps. Although not yet as fully characterized, AML1b can
mediate transcriptional repression by recruiting histone
deacetylases (HDACs) and other factors to modify chromatin
and control transcription (32). HDACs have been implicated
in the regulation of latency of other herpesviruses, including
Epstein Barr virus and human herpesvirus 8 (7, 16). In addi-
tion, a recent study by Murphy et al. (37) suggested that
HDACs mediate repression of the CMV MIE promoter
(MIEP) in nonpermissive cells because inhibition of HDACs
induced viral permissiveness and increased MIEP activity.
Thus, like that of POU2F2, upregulation of AML1b during
CMV latent infection may also maintain latency by repressing
IE gene expression. In addition, AMLI1b and the related gene
AMLIc (35) have been shown to be downregulated during
productive CMV infection of permissive fibroblasts (6, 75),
which is consistent with a role for this protein in repressing
productive CMV gene expression. The cloning and subsequent
transfection of primary human fibroblasts with constructs over-
expressing isoforms of POU2F2 or AML1 will enable a direct
assessment of the impact of these transcription factors on
productive CMV gene expression.

CREBI is a transcriptional activator whose transcript was
upregulated during CMV latency. The importance of CREB1
to CMYV infection is illustrated by the presence of multiple
binding sites in the MIEP region, with at least one required for
successful MIEP activity (33, 36, 66), as well as by the previ-
ously described interaction between CREB1 and the CMV
IE2-p86 IE protein (28, 51). Given that the two transcriptional
start sites for CMV sense CLTs are within the MIEP region
(25), it is possible that some of these CREBLI binding sites
mediate sense CLT expression. Interestingly, a binding site for
this transcription factor is also located near the start site for
the antisense CLTs, suggesting a possible role for CREB1 in
modulating both classes of CLTs.

Latent CMV infection upregulated transcripts from the che-
mokine genes MCP-1 and macrophage inflammatory protein
(MIP-1B). These are both CC chemokines that can mediate
inflammation by attracting monocytes and macrophages, mem-
ory T cells, NK cells, hematopoietic progenitors, and possibly
dendritic cells (9, 48). Consistent with the upregulation of
these chemokines, follow-up experiments using a transwell
chamber chemotaxis assay found a significant enhancement of
monocyte chemotactic activity in response to CMV latent in-
fection. In two replicate experiments using GM-Ps derived
from two different liver samples, we observed a 1.8-fold and a
2.8-fold increase in monocyte migration when supernatant
from latently infected GM-Ps was compared to supernatant
from the corresponding mock-infected GM-Ps. Specific anti-
body blocking of MCP-1 and MIP-1p activity will help to de-
fine the roles of these chemokines in this increased monocyte
chemotaxis. We found that the transcript for Fc epsilon R1 was
also upregulated. This gene product induces the expression of
CC chemokines, including MCP-1 and MIP-1B3, in mast cells
and monocytes (26, 39). Increased CC chemokine levels would
potentially have a paracrine effect on other monocytes or re-
duce migration of the latently infected cells by an autocrine
effect. Murine CMV encodes a CC chemokine homologue
(MCK-2) that increases the inflammatory response at initial
sites of infection during productive infection, resulting in a
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more efficient virus dissemination (50). In addition, human
CMV UL146 is a CXC chemokine (vCXC-1) that attracts
neutrophils and other CXCR2-bearing cells, presumably also
to aid virus spread (42). The role of upregulated chemokine
expression during latent CMV infection remains to be defined,
but (in the context of the infected host) CMV-induced MCP-1
and MIP-1B may act to recruit leukocytes to sites of latent
infection in a manner that could enable CMV to spread more
efficiently to these cells. This could be particularly advanta-
geous during the initial stages of reactivation from latency.

MPO is a host defense protein that mediates the production
of potent oxidants and microbicidal agents. MPO has been
shown to inactivate influenza virus (70) and human immuno-
deficiency virus type 1 (22). It has also been shown to almost
completely abolish infectivity of CMV in HFFs and signifi-
cantly reduce the formation of both early and late CMV anti-
gens in a monocyte cell line (THP-1) rendered permissive to
productive infection by differentiation with the phorbol ester
tetradecanoyl phorbol acetate (12). The mechanism of action
of MPO against CMV is unknown, but this enzyme disrupts
influenza virus envelope proteins (70). The downregulation of
MPO expression during latent CMV infection may therefore
provide conditions within the host cell that would minimize
exposure of newly assembled virions to deleterious cellular
defenses during reactivation.

CD169 has been shown to bind a range of leukocytes and is
likely to be involved in macrophage-hemopoietic cell interac-
tions (18). The upregulation of CD169 may facilitate adhesion
of latently infected cells to other cells, potentially increasing
residence of latently infected cells in bone marrow or other
tissues or potentially increasing the efficiency of virus spread to
permissive (e.g., dendritic) as well as to other nonpermissive
(myeloid progenitor) cells during episodes of reactivation.
CD169 is highly expressed on differentiated macrophages that
appear at sites of inflammation. CMV reactivation is associ-
ated with inflammatory processes. Expression of CD169 may
also accelerate disease processes.

Although our previous work demonstrated a downregula-
tion of cell surface MHC-II protein expression during latent
CMV infection (57), the present study showed that MHC-II
transcript levels were increased. There are, however, a number
of explanations that account for this apparent discrepancy.
First, our previous publication reported a downregulation of
cell surface MHC-II proteins. In contrast, our present microar-
ray analysis reports the upregulation of the transcript encoding
a MHC-II component (the HLA-DQ « chain). Successful ex-
pression of MHC-II on the cell surface is a multistep process
which involves several posttranslational steps, including the
binding of « and B chains, the processing and loading of an
antigenic peptide, and the transport of the mature complex to
the cell surface (43). Thus, downregulation of cell surface
MHC-II may result from a defect in one of many steps in the
assembly pathway. Downregulation at the cell surface does not
necessarily mean that all components of the mature MHC-II
complex are downregulated. In this respect, in our previous
study cell surface MHC-II was downregulated but total cellular
a chain was not (57). This clearly shows the dissociation be-
tween the latent CMV-based regulation of mature, cell sur-
face-expressed MHC-II and its regulation of a chain synthesis.

Second, our previous publication reporting downregulation
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of cell surface MHC-II during latent CMV infection of hema-
topoietic progenitors used an HLA-DR-specific antibody
(TU36) and therefore did not measure HLA-DQ expression.
This is particularly important, because a discoordinated pat-
tern of expression of the cell surface HLA-DR, -DP, and -DQ
antigens has been frequently reported for normal tissues from
biopsies or primary cultures, established cell lines, or tumor
cells (1). Of most relevance here is the discoordinated expres-
sion of cell surface DR and DQ that has been reported with
respect to hematopoietic progenitors (31, 52). Thus, it is prob-
able that HLA-DR and HLA-DQ are not coordinately regu-
lated in the hematopoietic progenitors used in our studies of
CMV latency. For these reasons, a direct comparison cannot
be made between the downregulation of cell surface-expressed
HLA-DR protein complexes and the upregulation of
HLA-DQ « chain transcription. An alternative reason to those
presented above is that latently infected cells might increase
HLA-DQ transcript levels in an attempt to compensate for
CMV-mediated downregulation of cell surface HLA-DR pro-
teins. In this respect, evidence for compensation mechanisms
has been previously reported; one such example is the obser-
vation of cell surface DQ antigens on a DR-defective clone
originating from the mutagenesis of the class II transactivator
gene (CIITA) in an MHC-II-positive Burkitt lymphoma cell
line (10, 74).

Phosphoprotein enriched in astrocytes 15 (PEA1S) is a sig-
naling protein expressed in most tissues that contains a death
effector domain which binds to the death effector domain of
caspase-8 (FLICE) and the intracellular adapter FADD.
Through these interactions, PEA1S5 inhibits apoptosis signaling
induced by tumor necrosis factor alpha and FasL (8). PEA1S
also inhibits TRAIL-induced apoptosis analogous to c-FLIP
via interaction with FADD (69) and so may prevent CMV-
infected cells from falling victim to death receptor-mediated
apoptosis. During productive infection, two CMV IE genes
have been shown to encode potent antiapoptotic functions that
impede such cell death. The UL36 gene encodes a viral inhib-
itor of caspase-8 activation (VICA) that binds and inhibits
pro-caspase-8 and thus Fas-mediated apoptosis (55), and the
UL37 exon 1 gene encodes a mitochondrion-localized inhibitor
of apoptosis (VMIA) that blocks the release of cytochrome c
during Fas-mediated apoptosis (14). Our detection of upregu-
lated PEA1S expression during latency suggests that latent
CMYV might have induced a cellular antiapoptotic gene prod-
uct to promote survival of the host cell.

This study identified a small, unique subset of cellular mRNAs
whose expression becomes altered by CMV latent infection.
Many of these mRNAs shared a related type of function within
a few physiological areas, suggesting that the impact of latent
virus on the host cell is quite restricted. Nonetheless, many of
the differentially expressed genes encode functions that may
confer a survival advantage to the virus during latency or the
initial steps of virus reactivation; direct assessment of the bio-
logical impact of these gene expression changes will further
define their roles in CMV pathogenesis. The viral gene prod-
ucts that mediate changes in the host cell transcriptome and
the mechanisms involved in these changes are yet to be de-
fined, but the presently identified open reading frames ex-
pressed during latency serve as ideal candidates for the assess-
ment of their impact on the host cell. Correlating functionally

VYAOQVd IdNLS 1193a VY.LISYIAINN Ag ZT0Z ‘2 1990300 U0 /610" wse Al :dny woiy papeojumod


http://jvi.asm.org/

VoL. 78, 2004

important changes in host cell gene expression with the expres-
sion of viral genes during latency may ultimately lead to the
identification of targets for the design of gene therapies to help
reduce the clinical consequences of latency and reactivation
during immunosuppression.
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