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Abstract

Human cytomegalovirus (HCMV) is a betaherpesvirus which rarely presents problems in
healthy individuals, yet may result in severe morbidity in immunocompromised patients and
in immune-naive neonates. HCMV has a large 235 kb genome with a coding capacity of at
least 165 open reading frames (ORFs). This large genome allows complex gene regulation
resulting in different sets of transcripts during lytic and latent infection. While latent virus
mainly resides within monocytes and CD34* progenitor cells, reactivation to lytic infection

is driven by differentiation towards terminally differentiated myeloid dendritic cells and mac-
rophages. Consequently, it has been suggested that macrophages and dendritic cells con-
tribute to viral spread in vivo. Thus far only limited knowledge is available on the expression
of HCMV genes in terminally differentiated myeloid primary cells and whether or not the
virus exhibits a different set of lytic genes in primary cells compared with lytic infection in
NHDF fibroblasts. To address these questions, we used lllumina next generation sequenc-
ing to determine the HCMV transcriptome in macrophages and dendritic cells during lytic
infection and compared it to the transcriptome in NHDF fibroblasts. Here, we demonstrate
unique expression profiles in macrophages and dendritic cells which significantly differ
from the transcriptome in fibroblasts mainly by modulating the expression of viral transcripts
involved in immune modulation, cell tropism and viral spread. In a head to head comparison
between macrophages and dendritic cells, we observed that factors involved in viral spread
and virion composition are differentially regulated suggesting that the plasticity of the virion
facilitates the infection of surrounding cells. Taken together, this study provides the full tran-
script expression analysis of lytic HCMV genes in monocyte-derived type 1 and type 2 mac-
rophages as well as in monocyte-derived dendritic cells. Thereby underlining the potential
of HCMV to adapt to or influence different cellular environments to promote its own
survival.
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Introduction

Human cytomegalovirus (HCMV) is a ubiquitous species-specificbetaherpesvirusthat infects
between 60-100% of the population depending on age, gender, demographics and socio-eco-
nomiic status [1]. The 235kb HCMV genome is characterized by unique long (UL) and unique
short (US) regions, each flanked by terminal (TRL and TRS) and internal (IRL and IRS)
inverted repeats [2].

Transcription of the HCMV genome is complexly regulated and different sets of transcripts
are expressed during productive and latent infection. During latency, the major immediate-
early (IE) promotor, which drives IE gene expression, is epigenetically blocked. However, early
studies in experimental latency models detected several sense and antisense CMV latency-asso-
ciated transcripts (CTLs) expressed from the major immediate-early region of the genome,
although these CTLs are controversial [3-5]. Since then four transcripts i.e. UL81ast/LUNA [6-
10], UL111A [10-12], UL138 [8, 10, 13, 14] and, depending on the virus used and the presence
of GATA transcription binding sites, UL144 [15] were characterized thoroughly as latency-asso-
ciated transcripts. Alternatively, during productive infection, the full array of genes is expressed
and gene expression follows a temporal cascade starting with immediate-early gene expression,
succeeded by early and late gene expression [16-22]. The transcriptome consists of both polya-
denylated protein coding and polyadenylated non-protein coding RNAs. The latter RNA species
is comprised of four different long non-coding RNAs (Inc RNAs) which do not overlap with
any of the protein coding regions. These four Inc RNAs have been reported to be responsible for
65% of the total polyadenylated RNA pool [23, 24]. In addition, HCMYV also expresses non-cod-
ing RNA in the form of anti-sense transcripts which often overlap with protein coding genes,
and microRNAs which have been attributed a regulatory function [23-25]. Currently, the tran-
scriptome of HCMYV has not been entirely unraveled. It has long been assumed that the genome
of clinical isolates contained about 170 genes [23, 24]. However, recently a new study revealed
an unexpected complexity when Stern-Ginossar et al. identified hundreds of new ORFs through
ribosome profiling and transcript analysis in lytically infected fibroblasts [26]. Currently, the
functions of these newly discovered transcripts remain largely unknown.

Only recently, transcriptomics technology platforms have been used to study the influence
of HCMYV infection on host and viral gene expression in different cell lines and cell types. Tow-
ler et al. showed that, depending on the cell type, the temporal expression of viral genes varies;
but also that, compared to fibroblasts, the transcriptome in epithelial cells and astrocyte cell
lines is differentially regulated [27].

CD34" progenitor cells and CD14" monocytes are currently the only confirmed sites of
latency [28, 29]. Upon differentiation to macrophages or dendritic cells, the virus reactivates
and lytic replication is enabled, possibly promoting viral spread after reactivation [17, 30]. The
transcriptome in latently infected CD34" progenitor cells and CD14" monocytes is slowly
being unraveled [8, 10, 12]. However, only one study aimed at delineating the HCMV tran-
scriptome in permissive myeloid cells [31]. It remains unclear how the viral transcriptome
adapts to infection in macrophages (M®s) and dendritic cells (DCs) and if the virus shows a
different transcriptional profile in pro-inflammatory DCs or macrophages type 1 (M®1) or
anti-inflammatory macrophages type 2 (M®2). Therefore, we used Illumina next generation
sequencing to characterize how HCMV modulates gene expression specifically in terminally
differentiated monocyte-derived M®1, M®2 and DCs in comparison to fibroblasts.

The data reported here is, to our knowledge, the first next generation sequencing transcrip-
tome study investigating HCMV transcription in cell types which are relevant for in vivo viral
spread. We show that HCMV follows a specific transcriptional program in primary cells in
which genes involved in virion composition, cell tropism or cell-specific replication, viral
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spread and immunomodulation are expressed at different levels compared to fibroblasts. This
not only highlights the potential of HCMV to adapt to or influence different cellular environ-

ments to promote its own survival. This also reflects the significant differences in gene expres-
sion between cell types used in the laboratory environment and in primary cell types.

Materials and Methods
Ethics statement

Peripheral blood mononuclear cells (PBMCs) and primary monocytes were isolated from whole
blood. Blood was obtained via the Antwerp Blood Transfusion Center of the Red Cross (www.
redcross.be). Donors gave written consent for their samples to be used for scientific research.

Cell lines

ARPE-19 cells (CRL-2302, ATCC) and neonatal NHDF fibroblasts (CC-2509, Lonza) were
maintained and propagated in DMEM:F12 with L-glutamine (Biowhittaker) and MEM (Life
Technologies) respectively, containing 10% heat-inactivated FCS (HI-FCS; Life Technologies)
and 0.04% gentamicine. All infection experiments were done in 24-well plates (Costar).

Culturing of clinical isolates TB40/E

High epithelial tropic stocks of the HCMV BAC4-TB40/E [32] were generated in ARPE-19
cells. In brief, ARPE-19 cells were seeded 24 hours before infection to reach 40-60% confluence
at the time of infection (3.5 x 10° cells/T175). Incubation with TB40/E at MOI 0.02 was done
for 3 hours at room temperature on a rocking platform. The virus was harvested until the cells
detached from the flasks. Harvests were spun down for 10 minutes at 600xg to remove cellular
debris. All harvests were titrated (see below) and only the 6 harvests with the highest titers
were used for concentration. Viral stocks were prepared by centrifugation (1 hour at 3000xg)
and ultracentrifugation (1 hour at 5800xg). Concentrated virus was resuspended in 5 ml MEM/
10% FCS and kept at -80°C for long term storage.

Virus titration using immediate-early protein immunofluorescent staining

Virus yield was determined on NHDF and ARPE-19 cells by an immune-fluorescence assay
adapted from Chou et al. [33]. NHDF cells and ARPE-19 were used to determine TB40/E titers
or epithelial tropism, respectively. In brief, 15000 cells (NHDF or ARPE-19 cells) per well were
seeded in a 96-well plate in 75 ul MEM/2% HI-FCS or DMEM:F12/2% HI-FCS. Then, quadru-
plicates of a ten-fold dilution series of the virus was added to the cells (25l input). Three days
post infection, the viral replication was determined after staining for immediate-early antigen
expression in an immune-fluorescence assay (see below). Wells were scored positive if they
contained at least one colony of 2-5 IE-positive cells. After scoring, the TCIDso/ml was calcu-
lated based on the Spearman-Kérber method.

Immediate-early protein staining

The medium of infected cells was removed and the cells were washed once with phosphate
buffered saline (PBS). Subsequently, the cells were fixed using 100% ice-cold methanol (10
minutes at -20°C). To remove residual methanol, the cells were washed twice with PBS. Stain-
ing with the primary antibody was carried out for 20 minutes at room temperature (RT) with
an anti-immediate-early antigen antibody (anti-I.E.A., 11-003, Argene) diluted 1/100 in PBST
(PBS containing 0.05% tween-20). Prior to incubation with anti-mouse antibody conjugated to
Alexa Fluor 488 (Alexa Fluor 488 goat anti-mouse IgG, A-11001, Life Technologies), the cells
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were washed twice with PBS. After 20 minutes incubation at RT, the secondary antibody was
removed and the cells were washed twice with PBS. Afterwards, the cells were stored at 4°C in
200pl PBS until readout.

Isolation of primary CD14+ monocytes and differentiation to HCMV
permissive cell types

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats using ficoll-paque.
In brief, 60 ml blood was added to 100 ml ice-cold PBS. Twenty-five ml diluted blood was care-
fully applied on 15 ml ficoll-paque. After centrifugation (800xg, 20 minutes, no brake), the PBMC
fraction was collected and divided over four 50 ml tubes. Each tube was filled with ice-cold PBS to
a total volume of 50 ml and the cells were spun down for 10 minutes at 300xg. This washing pro-
cedure was repeated twice. The total number of PBMCs was determined by manual counting
under the light microscope with a counting chamber. Subsequently, monocytes were isolated
using magnetic CD14 microbeads (Miltenyi, 130-050-201) as instructed by the manufacturer.

The monocytes were counted manually under a light microscope using a counting chamber,
resuspended at 1.5 x 10° cells/ml and 1.5 x 10° cells were seeded per well in a 24-well plate (tis-
sue treated, Costar). The CD14" monocytes were allowed to adhere for 3 hours at 37°C/5%
CO,. After attachment, the PBS was removed and 200ul X-Vivo-15 medium (Lonza) without
supplements was added and the cells were left overnight at 37°C/5% CO,. Subsequently, mono-
cytes were differentiated to monocyte-derived dendritic cells (DC), monocyte-derived type 1
macrophages (M®1) and monocytes-derived type 2 macrophages (M®2) in X-Vivo-15
medium containing 2.5mM L-glutamine and 10% HI-FCS supplemented with 100ng/ml
GMCSF and 100ng/ml IL4 (adapted from [34, 35]), 100ng/ml GMCSF or 100ng/ml MCSF
(adapted from [34]), respectively, for 7 days (all cytokines from Peprotech). The medium was
refreshed on day 4 after the start of differentiation. Activation of terminally differentiated cells
was done by adding 500mg/ml LPS (Sigma).

On day 8, the cells were infected for 3 hours at room temperature with TB40/E at MOI 5 in
0.5 ml X-Vivo-15 medium containing 2.5mM L-glutamine and 10% HI-FCS. After infection,
the virus inoculum was removed and 1 ml fresh medium without cytokines was added. The
cells were incubated for 72 hours at 37°C/5% CO, before samples were harvested.

FACS analysis of surface markers on monocyte-derived cell types

Monocytes were seeded in a 96-well plate at 3x10° cells per well and differentiated to M®1,
M®2 and DCs as described above. After 7 days, the cells were challenged with 500ng/ml LPS
(Sigma) and surface markers were determined. Therefore, the cells were detached from the
plate using 5mM EDTA (20 minutes at 37°C). The cells were spun down at 300xg, the EDTA
was discarded and the cells were incubated with a mix of anti-CD14-APC-Cy7, anti-
CD209-PerCP-Cy5.5, anti-CD163-PE and anti-CD80-PE-Cy7 (5ul of each antibody, all anti-
bodies from BD). The antibodies were incubated for 20 minutes at 4°C. After incubation, 200ul
PBS was added and the cells were spun down at 300xg. The supernatant was discarded, 200ul
PBS was added once more and the cells were collected by centrifugation. Readout was done on
a BD FACS CANTO II and subsequent analysis were done using BD DIVA software. Plots
were made in Sigmaplot (Systat Software).

RNA sequencing using the lllumina next generation sequencing
platform

RNA samples were prepared from cells obtained from five 24-wells using a Qiagen RNeasy
Plus kit with an additional on-column DNase digestion step according to the manufacturer’s
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instructions. RNA and DNA concentrations were measured using a ND-1000 spectrophotome-
ter (Nanodrop).

RNA samples were processed for Illumina sequencing using the TruSeq stranded mRNA
Library Prep kit (Illumina) according to manufacturer’s instructions. In brief, the workflow
involved purifying the poly-A containing mRNA molecules using poly-T oligo-attached mag-
netic beads. Following purification, the mRNA was fragmented into small pieces using divalent
cations at elevated temperature. The cleaved RNA fragments were copied into first strand
cDNA using reverse transcriptase and random primers. This was followed by second strand
cDNA synthesis using DNA Polymerase I and RNase H. These strand-specific cDNA frag-
ments went through an end repair process to a single A’ base, followed by ligation of the adapt-
ers. The products were purified and enriched with PCR to create the final cDNA library.
Finally, samples were pooled and sequenced for 147 cycles on a GAIIx (Illumina) using the
TruSeq SBS Kit v5 kit (Illumina). The raw signal was processed into individual sequencing
reads per sample with the Illumina software (Casava 1.8.2).

All sequence reads per sample were aligned versus the publicly available reference genome
for TB40/E (acc. No. EF999921; 2008). This reference genome is annotated with 168 coding
sequences (cds) and was manually updated with 9 additional coding sequences from accession
number KF297339 (2013). In addition, also four long non-coding RNAs (RNA1.2, RNA2.7,
RNA4.9 and RNA 5.0) were added from accession number KF297339 (2013) [24]. In this
study, the TB40/E-BAC4 was used which misses US1-US6 compared to the wild type virus
[32], for the analysis the lack of this region was taken into account.

Mapping of the sequence reads and calculating the total read counts per cds were performed
using the RNA-seq analysis module of CLC bio’s CLC Genomics Workbench using default
parameters. All raw data was uploaded to a public repository (http://www.ebi.ac.uk/ena/data/
view/PRJEB15199).

For the statistical analysis, the Bioconductor suite was used [36]. Count data were prepro-
cessed (normalized and variance stabilized transformed for visualization purposes) using the
DESeq package [37]. For each individual transcript, differential expression between cell types
was performed from normalized counts using a generalized linear model hypothesizing a nega-
tive binomial distribution. Individual p-values were adjusted for multiple testing with the Ben-
jamini-Hochberg procedure [38]. Finally, a pathway enrichment analysis was performed using
the MLP algorithm [39, 40].

Results

HCMYV infection of monocyte-derived cell types and percentage HCMV
reads

We isolated CD14" monocytes from six independently processed blood donors (A-F in Fig 1)
and differentiated these cells to pro-inflammatory DCs and M®1; and anti-inflammatory M®2.
DCs were characterized as CD147/CD163/DCSIGN" and upon LPS treatment they showed
upregulation of CD80; M®1 were CD14"/CD163/DCSIGN" whereas M®2 showed a CD14"/
CD163"/DCSIGN" marker profile with poor upregulation of CD80 upon LPS treatment (S1 Fig).

Subsequently, these cell-types were infected with highly epithelial tropic TB40/E HCMV
strain at MOI 5. In this study, the infection was carried out for 3 hours without subsequent
inactivation of the remaining surface-bound virus e.g. with citrate buffer to avoid any damage
or any changes in host transcriptome of the cells thereby attempting to keep the cell-virus
interplay as authentic as possible. In contrast to fibroblasts where 100% of the cells could be
infected, 3.11% (2.91-4.12%) of the DCs, 1.20% (1.01-1.36%) of the M®1 and 6.27% (3.5-
8.16%) of the M®2 could be infected (S2 Fig).
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Fig 1. Percentage of mapped reads to the HCMV transcriptome in primary cell types. Six different blood donors (A-F) were
processed to obtain monocytes which were differentiated to DCs, M®1 and M®2. Subsequently, these primary cell types were infected
with TB40/E at MOI5. As a comparison, we infected NHDF cells (n = 3) at MOI 0.16, MOI 0.5 and MOI 5. Given in the top panel are the
percentages of mapped reads on the HCMV genome for each cell type.

doi:10.1371/journal.pone.0164843.9001

Illumina RNA sequencing resulted in an average of almost 23.3 million (9.4-36.4 x 10°)
sequences per sample covering both HCMV and host mRNA. In order to perform a comparative
analysis of HCMV gene expression between fibroblasts and monocyte-derived cells, we argue
that a more representative control is provided by infecting NHDF cells at a lower MOI thereby
mimicking the actual percentage of HCMV reads in DCs and M®s (Fig 1). Infection of DCs,
M®1 and M®2 resulted in a median percentage of mapped reads of 0.63%, 0.04% and 0.67%,
respectively. There was some variability in infectivity between the cells derived from different
donors. We infected NHDF cells at three different MOIs and show that infection of NHDF
fibroblasts at MOI 0.16 reflects better the percentage of reads mapped to the HCMV transcrip-
tome (2.97%) in primary cells compared to MOI 0.5 (10.62%) and MOI 5 (32.12%) (Fig 1).

First, we evaluated the expression levels of each HCMV gene in NHDF cells at MOI 0.16.
Expression levels are represented by the reads per kilobase of transcript per million (RPKM)
value, which represents the number of mapped sequences per gene normalized for the gene
length and the total amount of sequences from the experiment (accounting for experimental
variability). We plotted the binned logs of these RPKM values on the HCMV genome annota-
tion (acc.no. EF999921) used for this study (Fig 2).

The highest expressing genes in this study during lytic infection at low MOI in NHDF fibro-
blasts were RNA4.9, RNA2.7, RNA1.2, UL22A, US18, RL12, RL13-RL14, UL4, UL5, UL40,
UL41A, UL42, UL132 and UL148. On the other end of the spectrum UL12, UL38, UL80.5,
ULI121, UL123, UL127, truncated UL141, and vMIA are only expressed at low levels (10-100).
In contrast, no reads were mapped for UL60 and UL90 in this study.

Differentially regulated genes and gene clusters in primary cell types

Next, we compared HCMV gene expression in monocyte-derived DCs, M®1 and M®2 with
HCMYV gene expression in NHDF cells (Fig 3). In general, the regulation of the US region was
striking in primary cell types. Especially US26, US33 (not in M®1), US33A, US34 and US34A
were found to be expressed at higher levels in primary cells (p<0.01). Also in the US region,
US7-US9, US10 (only significant in M®1), US11 (only significant in DCs), US23 (only signifi-
cant in M®2) and US23 (only significant in M®2) were expressed to higher levels in primary
cells. Striking was the significantly lower expression of US28 (in DCs) and US29 (in M®2)
compared to NHDF cells.
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Fig 2. Expression levels of the HCMV genes transcriptome in fibroblasts (MOI 0.16). Log(10) of the RPKM values per gene were
binned in six categories and mapped on the reference genome of TB40/E.

doi:10.1371/journal.pone.0164843.9002

In particular in DCs, the regulation of HCMV genes was clustered. RL11-RL12-RL13,
UL41A-UL42 and (UL1)UL4-UL11 were present in lower amounts in primary cells while,
besides the aforementioned genes in the US region, UL120-UL121 and UL148D-UL149 were
found to be expressed higher. In M®1, except for the US region, this clustering was not as
clear. Individual genes such as UL25, UL100, UL141, RNA5.0, UL80, UL83 and UL86 were
detected at higher expression levels in contrast with the lower expression of UL17, UL20,
UL78, UL105 and UL123. UL80, UL83 and UL86 may be part of a cluster. In M®2, RL10-RL11
and a cluster from UL82 to UL86 (p>0.05 for UL84) as well as individual genes such as
RNA5.0, ULL, UL8, UL42, UL52, UL100, UL115 and UL146 were found to be lower expressed
than in NHDF fibroblasts. Also genes in M®2 were more difficult to cluster, only UL2-UL2
and UL148A-UL149 were significantly higher expressed neighboring genes in addition to indi-
vidual genes as UL12, UL17, UL20, UL29, UL78 and UL137.
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Fig 3. Differential regulation of HCMV gene expression in monocyte-derived DCs, M®1 and M®2 (MOI5) compared to lytic
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p>0.05).
doi:10.1371/journal.pone.0164843.9g003

In a head to head comparison between the different primary cell types, the only significant
difference were the lower amounts of UL4-UL5, US7 and US9 in DCs compared to M®1. This
suggests that the virus regulates its gene expression similarly in both macrophage subtypes,
despite their different inflammatory character and infectability.

Functional analysis of differentially regulated genes

Each HCMV gene has a specific function during the lytic or latent part of the viral life cycle. By
annotating each gene with its function [40], we were able to explore if any functional groups
were significantly enriched (S3 Fig). This means that the p-values of each functional group
were compared between two cell types. The enrichment of a functional groups can be driven
either by the differential expression of many genes with p-values between 0.05 and 0.01; or by a
small number of highly significant genes (p<0.001).

This pathway analysis showed that in DCs and M®1, compared to NHDF fibroblasts, the
most affected functional group consisted of genes involved in immunomodulation. In DCs, the
second and third functional groups which were enriched contained genes which have not been
annotated with a function or genes involved in cell tropism and cell-dependent replication,
respectively. In M®1, genes with a function in viral spread and entry contributed to the
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Fig 4. Enrichment of functional groups in DCs, M®1 and M®2 compared to NHDF. Genes involved in cell tropism, viral spread and
immunomodulation are shown to be the most enriched groups in DCs, M®2 and M®1. Given are the p-vales of each individual gene.

doi:10.1371/journal.pone.0164843.9g004

enrichment of the similarly named functional classes. Finally, in M®2 only two functional
groups were significantly affected, being genes involved in cell tropism and cell-specific replica-
tion; and genes involved in viral spread (Fig 4).

The group of immune-modulatory genes is the largest (38 tested genes) and the presence of
many significant p-values (p<0.05) demonstrates the importance of the regulation of genes in
this group in all examined monocyte-derived cells. In DCs, RL11-RL13, UL141, UL11,
ULI11A and UL20 were the most important differentially regulated genes involved in immu-
nomodulation (p<0.01). To a lesser extent (0.01<p<0.05), TRS1, UL123, UL21A, UL78,
US10-US11, US2 and US28 were contributing to the enrichment of this functional group. In
M®1, functional analysis also revealed a shift in immunomodulatory genes, but this was driven
by slightly different genes (based on significance) i.e. UL123, UL20, UL78, UL83, US10, US7,
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US8 and US9 (p<0.01) and to a lesser extend RL11-RL12, UL141, UL11, UL111A, UL146,
UL74, UL82 and US11 (0.01<p<0.05).

In both DCs and M®2, the second most significant functional annotation is comprised of
genes with a function in cell tropism and cell-specific replication. This was due to the modula-
tion of different genes in DCs and M®2. In DCs, the p-values of RL13, UL1 and UL111A were
the main contributors whereas in M®2 the identification of this pathway was driven by UL24,
UL29, UL78 and UL83 (p<0.01). In M®1 and M®2, viral spread was also found to be an
enriched functional group mainly influenced by the highly significant p-values of UL74 and
US9. Finally, in M®1, UL110 and UL74 were the main contributors to the significant p-value
of the functional group involved in entry processes.

The same functional distributions were generated when primary cell types were compared
to each other. Genes which were differentially regulated between DCs and macrophages mostly
code for virion proteins (i.e. RL12, RL13.TRL14, US23, UL4-UL5, UL24-UL25, UL29,
UL82-UL83, UL100 and UL115) which underlines the adaptability of the virion to the specific
cell type where they are produced (Fig 5). When comparing DCs to M®1, US9 shows the high-
est significance in the group of factors involved in viral spread (Fig 5). Further, many differen-
tially when comparing DCs to M®2 expressed genes were described in non-permissive cells
and may be involved in latency (Fig 5). However, the relevance of most of these genes in lytic
infection has not yet been established. Finally, when comparing DCs and M®2, genes contrib-
uting to cell tropism and cell-dependent replication such as UL132 and UL148 were responsi-
ble for the significance of this functional group. Between pro- and anti-inflammatory
macrophage types, UL93 drives the significant enrichment of cellular trafficking factors (Fig 5).

Discussion

The organization of regulatory motifs in different promotor regions on the HCMV genome
shows the potential for HCMV to intricately regulate its transcription under specific circum-
stances [41]. This was recently confirmed with rat CMV (RCMV) which followed an alterna-
tive transcriptional profile in commonly used cell lines in the laboratory and cell types which
are relevant in vivo [42].

Macrophages (M®) and dendritic cells (DCs) can be infected with HCMYV in vivo [43-47]
and in vitro [44, 48]. Both cell types play a role in latency and reactivation since their progeni-
tors i.e. CD14" monocytes and CD34" cells support latency whilst terminal differentiation to
DCs or M® results in reactivation [8, 18, 30, 49-52]. Because of the limited knowledge about
transcription in these cell lines and their potentially vital role in vivo, we set up a next genera-
tion sequencing study to investigate the profile of the HCMV transcriptome in monocyte-
derived pro-inflammatory M®1, anti-inflammatory M®2 and DC compared to lytic infection
in NHDF fibroblasts.

We infected pro-inflammatory CD14/CD163/DCsign*"”CD80**'* monocyte-derived
DCs, pro-inflammatory CD14*/CD163/DCsign*!”/CD80**'*® M®1 and anti-inflammatory
CD14%/CD163"/ DCsign+(l°)/ CD80™ P8 M2 [34, 53-62]. As reported before, M2 were eas-
ier to infect than M®1 [44] resulting in respectively 6.27% (3.5-8.16%) and 1.2% (1.01-1.36%)
infection. The infectivity of DCs was intermediate between M®1 and M®2 (3.11%, 2.91-4.12).
These percentages were reflected in the number of mapped reads on the HCMV genome. A
study by Bayer et al. [44] reports infection rates up to 75% in M®2; however in none of the
donors used in this study we obtained infection rates above 10%. While in literature the polari-
zation in macrophages is perceived distinct, the differences between these cell types is much
more complex and subtle [58, 60, 63, 64]. It has been shown that a plethora of monocyte-derived
M®s exists under the influence of cytokines [65], but also under influence of FCS on its own,
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doi:10.1371/journal.pone.0164843.9g005

distinct M® subtypes are produced [66, 67]. Therefore, it is not unlikely to assume that small
technical differences such as the method of monocyte isolation, plate type, the source of the
cytokines, differences in the culture medium or the handling of the buffy coat pre-isolation have
an impact on the type of monocyte-derived cell and thus the rate of infection [68, 69].

For the RNA sequencing analysis, we updated the sequence of the TB40/E-BAC4
(EF999921; 2008) with later gene annotations from KF297339 (2013). Of note, the complexity
of the transcriptome may still increase as the clinical Merlin strain was recently annotated with
hundreds of additional ORFs [26]. However, because genetic differences between strains may
influence the transcriptome [23], we limited our analysis to the available TB40/E sequence
information.
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We used infection in NHDF fibroblasts as a reference cell type for lytic infection to compare
HCMYV gene expression in M®1, M®2 and DCs. It has been reported that M®s support pro-
ductive lytic infection characterized by the shedding of virus [44]. In agreement with these pub-
lished results, all viral transcripts except UL60 and UL90, including late genes were detected in
this study. We, and others, observe that the majority of the HCMV reads in NHDF, DCs, M®1
and M®2 is dedicated to RNA4.9, RNA2.7 (36% of all HCMV specific reads), RNA1.2, UL4,
UL5 and UL22A transcripts [24]. These similarities between NHDF and the primary cell types
suggest a lytic program and not a latency transcriptional profile as in CD34" progenitor cells
which only express a restricted set of transcripts and do not follow the immediate-early, early,
late gene expression cascade [8, 70]. It has to be noted that the presence of late transcripts does
not always rule out the presence of some degree of abortive infection as late virion-associated
genes have been identified as well [71]. However, only one of these virion-associated genes
(RL13) was of any significance in this study. Taken together, we conclude that in this study pri-
mary cells displayed a lytic transcriptional program.

In primary cell types, differentially regulated genes were often found in clusters suggesting
that these clustered genes may have similar functions. In DCs, the downregulation of
RL11-RL13-RL14-UL1 and UL4-UL11; and the upregulation of UL120-UL121,
UL148D-UL149 and US33-US34A are striking. In M®2, RL11-RL12 and UL82-UL86 (UL84
not significant) were upregulated and besides UL148A-UL149 and UL2-UL3, very strong clus-
tering was seen in the US region where US7-US9 and US33-US34A were upregulated. A very
similar observation was made for M®1 but the downregulated cluster of UL80-UL86 was inter-
rupted because the lower expression of UL81-UL82 and ULS85 did not reach significance.
Although the functions of many of the HCMV genes remain unknown, pathway analysis
reveals that the functional group of immunomodulatory genes is significantly enriched in DCs,
M®1 and to a lesser extend in M®2 compared to NHDEF fibroblasts. These observations were
made before in several focused studies which showed a profound effect of HCMV on the host
immune-transcriptome and an active modulation of viral transcripts via viral proteins such
as pp65 [31, 72-75] but recently also a transcriptomics study with RCMV showed an enrich-
ment of immunomodulatory genes in relevant in vivo cell types [42]. Especially the regulation
of the US region contributed to the enrichment of this functional group. Of note is that TB40/
E-BAC4 used in this study misses US1-US6 compared to the wild type virus [32]. Future
research with other strains such as Merlin may elucidate if US1-US6 are also part of this unique
transcriptional program.

The US region was associated with immunomodulation before [72, 76-88]. More specifi-
cally, differentially expressed genes such as US8, US10 and US11 have a role in the modulation
of MHCI molecules [76-84, 89], US9 was reported to be involved in the evasion of NK activa-
tion [90], US28 interferes with cyto- and/or chemokine production or responsiveness [72, 87,
88] and based on sequence similarity the miRNA regulated US7 [91] and the largely unknown
US9 are predicted to have similar roles [92]. Other studies such as a study using superSAGE
describing the transcriptome in DCs indicated the importance of immunomodulatory genes in
HCMYV infection of DCs [31]. Further, also in in vivo cell types infected with RCMV it was sug-
gested that the differential expression of immunomodulatory genes is a unique way for the
virus to evade the immune system during infection [42]. Also, several groups evaluated the
host’s transcriptome in monocytes which, under the influence of HCMYV, are driven towards a
M®1 phenotype. These groups found that in the host’s transcriptome, most genes that were
differentially regulated were involved in anti-viral responses, inflammatory response, viral
spread and apoptosis.

The US region is not fully annotated with functions and some of the most significantly regu-
lated genes in this study such as US26 and US33-34A have unknown functions [24]. US34 was
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identified before as an abundantly expressed transcript in DCs [31] and US34A was identified
as a SUMOylation target [93] The relevance of these observations is not clear but based on this
study a role in immunomodulation would not be surprising.

Next to genes involved in immunomodulation, we found that also factors involved in cell
tropism and cell-specific replication were enriched, especially in DCs and M®2 compared to
NHDEF fibroblasts. The genes responsible for this enrichment are different for both cell types
i.e. RL13-RL14, UL1 and UL111A in DCs versus UL24, UL29, UL78 and UL83 in M®2. The
differential regulation of cell-tropism factors but also of viral spread factors (driven by UL74,
US27 and US9) suggests that the virion may adapt to optimally infect surrounding cells of the
same type as previous research already suggested [27, 94].

In addition, there are also discrete differences when comparing the different primary cell
types head to head. Between DCs and M®1, there were four genes (UL4, UL5, US7 and US9)
significantly lower expressed in DCs. While US7 and US9 only have proposed roles, UL4 and
ULS5 are virion proteins and their differential regulation may once more suggest the adaptabil-
ity of the virion when infecting different cell types. Despite their different inflammatory char-
acter and infectability no genes were found to be differentially expressed (p<0.05) when
comparing M®1 and M®2 or when comparing DCs and M®2. In a previous study investigat-
ing HCMYV infection in both M® subtypes, it was reported that IE1-2 (UL122-123), pp65
(UL83) and pp150 (UL32) were more abundantly present in M®2 [44], however in this study
this difference did not reach significance. Perhaps, if a sequencing study was carried out on dif-
ferent time points, these differences could reach significance.

The HCMV genome is foreseen of several regulatory motifs and can replicate in a variety of
cell types suggesting that in each of these cell types, a specific transcriptional program is fol-
lowed [42, 95]. This HCMV study is the first transcriptomics study which compares gene
expression in commonly used NHDF fibroblasts and DCs, M®1 and M®2, all cell types which
are considered relevant for in vivo viral spread. By using pathway analysis, we show that com-
pared to fibroblasts, a unique transcriptional profile is observed in primary cells in which genes
involved in immunomodulation genes, cell tropism and replication, viral spread and virion
proteins are enriched. While the differential regulation of these specific pathways is still consis-
tent with lytic infection, it resembles more closely a lytic low level persistent infection with
careful adaptations to the cellular environment rather than with a fulminant lytic infection as
observed in fibroblasts. These observations not only show the adaptability of the virus, but also
explain any discrepancies between what may happen in vivo and what is observed in the
laboratory.

As in the RCMV study, many questions remain unanswered. We report a number of genes
that are strongly upregulated in the US region, but defined functions for these genes have not
been described and functional research is needed to delineate their actual role in the viral life
cycle. Especially, the high expression of the US33-US34 cluster warrants further research as it
is the first time that alterations in gene expression levels are observed for these genes. It would
be interesting to attribute these genes with critical functions in primary cells. In addition, it is
unclear whether cellular factors in immune cells such as DC and M®s push the virus into the
production of specific transcripts or if it is the virus that manipulates the cell by producing
transcripts that aid with immune-evasion. Most likely it is a combination of both. Several
groups evaluated the host’s transcriptome in monocytes which, under the influence of HCMYV,
are driven towards a M®1 phenotype. These groups found that in the host’s transcriptome,
most genes that were differentially regulated were involved in anti-viral responses, inflamma-
tory response, viral spread and apoptosis which is consistent with the differential regulation of
viral genes involved in these processes reported in this study [96-98]. Yet, it is an intriguing
observation that M®1 and M®2, which display distinct polarization, show a similar viral
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transcription profiles. Also, it may be warranted to dedicate future research to investigate regu-
lar and short lived HCMV transcripts using specialized methods preferably in a kinetic time
course set up [99]. Finally, since expression levels of transcripts are not always reflected in
actual protein expression profiles, it would be interesting to correlate the findings presented
here to proteomics data once these data are available.

Supporting Information

S1 Fig. Surface marker analysis of monocyte-derivedcell types. Monocytes were seeded and
differentiated to M®1, M®2 and DCs or left untreated. After 7 days, the cells were character-
ized using FACS. The boxplots are based on 11 different and independently processed donors.
The boxes represent all counts within the 25™ and 75™ percentile; error bars show the 10™ and
90'" percentile. All values outside the 10™ and 90" percentiles are considered outliers (+), the
mean is indicated as a horizontal line. A one way ANOVA (Holm-Sidak method) was used to
test for significant differences between cell types. (Panel A) CD14 surface expression was sig-
nificantly different (p>0,05) between all cell types (Mo vs M®1, Mo vs M®2, Mo vs DC; M®1
vs DC; M®2 vs DC), except between M®1 and M®2 (p>0.05). (Panel B) DC marker DCSign
was expressed significantly higher on DCs and all other cell types (p<0.05; Mo vs DC, M®1 vs
DC, M®2 vs DC). DCSign was also expressed more on both types of M® compared to mono-
cytes (p<0.05). No statistical difference was observed between both types of macrophages
(p>0.05). (Panel C) CD163 was only expressed on M®2 and poorly on all other cell types
(p<0.05; M®2 vs Mo, M®2 vs MO1, M®2 vs DC). (Panel D) To assess CD80 response, all cell
types were challenged with 500ng/ml LPS for 24h. M®2 macrophages showed a significantly
lower response in C80 upregulation compared with the other cell types (p<0.05; M®2 vs Mo,
M®2 vs MP1, M2 vs DC). CD80 expression between all other cell types was comparable
(p>0.05).

(TIF)

S2 Fig. A representative image (donor A) of the number of IE expressing cells in TB40/E
and mock (UV-inactivated TB40/E) infected primary cell types. In each representative
image, we indicated the average number and the range of IE expressing cells for three indepen-
dently processed donors.

(TIF)

$3 Fig. Distribution of functions of DCs, M®1 and M®2 compared to NHDF fibroblasts
and of primary cells compared to each other. The most enriched functions are represented by
the highest bars. The cut off to determine the most significantly enriched functions was based

on the point where the box plot curves flatten out (marked by a red box).
(TIF)

Author Contributions
Conceptualization: EVD MVL JA MT KT.
Data curation: EVD MT KT.

Formal analysis: MT KT EVD.
Investigation: EVD CVH.
Methodology:EVD MVL JA MT KT.

Project administration: EVD.

PLOS ONE | DOI:10.1371/journal.pone.0164843 October 19, 2016 14/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164843.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164843.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164843.s003

@° PLOS | ONE

HCMV Displays a Unique Transcriptome in Primary Monocyte-Derived Cells

Software: KT MT.

Supervision: EVD MVLJA.

Validation: MT KT.

Visualization: EVD KT MT.

Writing - original draft: EVD MVL.

Writing - review & editing: EVD MVL JA MT KT.

References

1.

10.

11.

12

13.

14.

15.

Cannon MJ, Schmid DS, Hyde TB. Review of cytomegalovirus seroprevalence and demographic char-
acteristics associated with infection. Rev Med Virol. 2010; 20(4):202—13. Epub 2010/06/22. doi: 10.
1002/rmv.655 PMID: 20564615.

Murphy EA, Shenk T. Human cytomegalovirus Genome. In: Shenk T, Stinski MF, editors. Human cyto-
megalovirus. Heidelberg: Springer Berlin Heidelberg; 2008. p. 1-20.

Kondo K, Kaneshima H, Mocarski ES. Human cytomegalovirus latent infection of granulocyte-macro-
phage progenitors. Proceedings of the National Academy of Sciences of the United States of America.
1994; 91(25):11879-83. PMID: 7991550; PubMed Central PMCID: PMC45339.

Kondo K, Mocarski ES. Cytomegalovirus latency and latency-specific transcription in hematopoietic
progenitors. Scandinavian journal of infectious diseases Supplementum. 1995; 99:63—7. PMID:
8668945.

Slobedman B, Mocarski ES. Quantitative analysis of latent human cytomegalovirus. J Virol. 1999; 73
(6):4806—12. Epub 1999/05/11. PMID: 10233941.

Bego M, Maciejewski J, Khaiboullina S, Pari G, St Jeor S. Characterization of an antisense transcript
spanning the UL81-82 locus of human cytomegalovirus. J Virol. 2005; 79(17):11022—-34. Epub 2005/
08/17.79/17/11022 [pii] doi: 10.1128/JV1.79.17.11022-11034.2005 PMID: 16103153.

Bego MG, Keyes LR, Maciejewski J, St Jeor SC. Human cytomegalovirus latency-associated protein
LUNA is expressed during HCMV infections in vivo. Arch Virol. 2011; 156(10):1847-51. Epub 2011/06/
01. doi: 10.1007/s00705-011-1027-7 PMID: 21625978.

Goodrum FD, Jordan CT, High K, Shenk T. Human cytomegalovirus gene expression during infection
of primary hematopoietic progenitor cells: a model for latency. Proc Natl Acad Sci U S A. 2002; 99
(25):16255—-60. Epub 2002/11/29. doi: 10.1073/pnas.252630899 252630899 [pii]. PMID: 12456880.

Keyes LR, Hargett D, Soland M, Bego MG, Rossetto CC, Almeida-Porada G, et al. HCMV Protein
LUNA Is Required for Viral Reactivation from Latently Infected Primary CD14(+) Cells. PLoS One.
2012; 7(12):€52827. Epub 2013/01/10. doi: 10.1371/journal.pone.0052827 PONE-D-11-22739 [pii].
PMID: 23300789.

Rossetto CC, Tarrant-Elorza M, Pari GS. Cis and Trans Acting Factors Involved in Human Cytomega-
lovirus Experimental and Natural Latent Infection of CD14 (+) Monocytes and CD34 (+) Cells. PLoS
Pathog. 2013; 9(5):e1003366. Epub 2013/05/30. doi: 10.1371/journal.ppat.1003366 PPATHOGENS-
D-12-02509 [pii]. PMID: 23717203.

Avdic S, Cao JZ, Cheung AK, Abendroth A, Slobedman B. Viral interleukin-10 expressed by human
cytomegalovirus during the latent phase of infection modulates latently infected myeloid cell differentia-
tion. J Virol. 2011; 85(14):7465-71. doi: 10.1128/JV1.00088-11 PMID: 21593144; PubMed Central
PMCID: PMC3126599.

Cheung AK, Abendroth A, Cunningham AL, Slobedman B. Viral gene expression during the establish-
ment of human cytomegalovirus latent infection in myeloid progenitor cells. Blood. 2006; 108
(12):3691-9. Epub 2006/08/26. blood-2005-12-026682 [pii] doi: 10.1182/blood-2005-12-026682
PMID: 16931631.

Goodrum F, Reeves M, Sinclair J, High K, Shenk T. Human cytomegalovirus sequences expressed in
latently infected individuals promote a latent infection in vitro. Blood. 2007; 110(3):937—45. doi: 10.
1182/blood-2007-01-070078 PMID: 17440050; PubMed Central PMCID: PMC1924770.

Petrucelli A, Rak M, Grainger L, Goodrum F. Characterization of a novel Golgi apparatus-localized
latency determinant encoded by human cytomegalovirus. J Virol. 2009; 83(11):5615-29. doi: 10.1128/
JV1.01989-08 PMID: 19297488; PubMed Central PMCID: PMC2681962.

Poole E, Walther A, Raven K, Benedict CA, Mason GM, Sinclair J. The Myeloid Transcription Factor
GATA-2 Regulates the Viral UL144 Gene during Human Cytomegalovirus Latency in an Isolate-

PLOS ONE | DOI:10.1371/journal.pone.0164843 October 19, 2016 15/20


http://dx.doi.org/10.1002/rmv.655
http://dx.doi.org/10.1002/rmv.655
http://www.ncbi.nlm.nih.gov/pubmed/20564615
http://www.ncbi.nlm.nih.gov/pubmed/7991550
http://www.ncbi.nlm.nih.gov/pubmed/8668945
http://www.ncbi.nlm.nih.gov/pubmed/10233941
http://dx.doi.org/10.1128/JVI.79.17.11022-11034.2005
http://www.ncbi.nlm.nih.gov/pubmed/16103153
http://dx.doi.org/10.1007/s00705-011-1027-7
http://www.ncbi.nlm.nih.gov/pubmed/21625978
http://dx.doi.org/10.1073/pnas.252630899
http://www.ncbi.nlm.nih.gov/pubmed/12456880
http://dx.doi.org/10.1371/journal.pone.0052827
http://www.ncbi.nlm.nih.gov/pubmed/23300789
http://dx.doi.org/10.1371/journal.ppat.1003366
http://www.ncbi.nlm.nih.gov/pubmed/23717203
http://dx.doi.org/10.1128/JVI.00088-11
http://www.ncbi.nlm.nih.gov/pubmed/21593144
http://dx.doi.org/10.1182/blood-2005-12-026682
http://www.ncbi.nlm.nih.gov/pubmed/16931631
http://dx.doi.org/10.1182/blood-2007-01-070078
http://dx.doi.org/10.1182/blood-2007-01-070078
http://www.ncbi.nlm.nih.gov/pubmed/17440050
http://dx.doi.org/10.1128/JVI.01989-08
http://dx.doi.org/10.1128/JVI.01989-08
http://www.ncbi.nlm.nih.gov/pubmed/19297488

@° PLOS | ONE

HCMV Displays a Unique Transcriptome in Primary Monocyte-Derived Cells

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Specific Manner. J Virol. 2013; 87(8):4261-71. Epub 2013/02/01. JVI.03497-12 [pii] doi: 10.1128/JVI.
03497-12 PMID: 23365437.

Snaar SP, Vincent M, Dirks RW. RNA polymerase |l localizes at sites of human cytomegalovirus imme-
diate-early RNA synthesis and processing. J Histochem Cytochem. 1999; 47(2):245-54. Epub 1999/
01/16. PMID: 9889260.

Reeves M, Sissons P, Sinclair J. Reactivation of human cytomegalovirus in dendritic cells. Discov
Med. 2005; 5(26):170—4. Epub 2005/04/01. PMID: 20704905.

Reeves MB, Lehner PJ, Sissons JG, Sinclair JH. An in vitro model for the regulation of human cyto-
megalovirus latency and reactivation in dendritic cells by chromatin remodelling. J Gen Virol. 2005; 86
(Pt 11):2949-54. Epub 2005/10/18. 86/11/2949 doi: 10.1099/vir.0.81161-0 PMID: 16227215.

Reeves MB, MacAry PA, Lehner PJ, Sissons JG, Sinclair JH. Latency, chromatin remodeling, and
reactivation of human cytomegalovirus in the dendritic cells of healthy carriers. Proc Natl Acad Sci
USA. 2005; 102(11):4140-5. Epub 2005/03/02. 0408994102 doi: 10.1073/pnas.0408994102 PMID:
15738399.

Stenberg RM, Witte PR, Stinski MF. Multiple spliced and unspliced transcripts from human cytomega-
lovirus immediate-early region 2 and evidence for a common initiation site within immediate-early
region 1. J Virol. 1985; 56(3):665-75. Epub 1985/12/01. PMID: 2999423.

Stinski MF, Thomsen DR, Stenberg RM, Goldstein LC. Organization and expression of the immediate
early genes of human cytomegalovirus. J Virol. 1983; 46(1):1-14. Epub 1983/04/01. PMID: 6298447.

Wathen MW, Stinski MF. Temporal patterns of human cytomegalovirus transcription: mapping the viral
RNAs synthesized at immediate early, early, and late times after infection. J Virol. 1982; 41(2):462—77.
Epub 1982/02/01. PMID: 6281461.

Dolan A, Cunningham C, Hector RD, Hassan-Walker AF, Lee L, Addison C, et al. Genetic content of
wild-type human cytomegalovirus. J Gen Virol. 2004; 85(Pt 5):1301—12. Epub 2004/04/24. PMID:
15105547. doi: 10.1099/vir.0.79888-0

Gatherer D, Seirafian S, Cunningham C, Holton M, Dargan DJ, Baluchova K, et al. High-resolution
human cytomegalovirus transcriptome. Proc Natl Acad Sci U S A. 2011; 108(49):19755-60. Epub
2011/11/24. 1115861108 [pii] doi: 10.1073/pnas.1115861108 PMID: 22109557.

Hook L, Hancock M, Landais I, Grabski R, Britt W, Nelson JA. Cytomegalovirus microRNAs. Current
opinion in virology. 2014; 7C:40-6. doi: 10.1016/j.coviro.2014.03.015 PMID: 24769092.

Stern-Ginossar N, Weisburd B, Michalski A, Le VT, Hein MY, Huang SX, et al. Decoding human cyto-
megalovirus. Science. 2012; 338(6110):1088-93. doi: 10.1126/science.1227919 PMID: 23180859;
PubMed Central PMCID: PMC3817102.

Towler JC, Ebrahimi B, Lane B, Davison AJ, Dargan DJ. Human cytomegalovirus transcriptome activ-
ity differs during replication in human fibroblast, epithelial and astrocyte cell lines. J Gen Virol. 2012; 93
(Pt 5):1046-58. Epub 2012/01/20. vir.0.038083-0 [pii] doi: 10.1099/vir.0.038083-0 PMID: 22258857.

Sissons JG, Bain M, Wills MR. Latency and reactivation of human cytomegalovirus. J Infect. 2002; 44
(2):73-7. Epub 2002/06/22. doi: 10.1053/jinf.2001.0948 S016344530190948X [pii]. PMID: 12076064.

Springer KL, Weinberg A. Cytomegalovirus infection in the era of HAART: fewer reactivations and
more immunity. J Antimicrob Chemother. 2004; 54(3):582—6. Epub 2004/07/30. doi: 10.1093/jac/
dkh396 dkh396 [pii]. PMID: 15282241.

Soderberg-Naucler C, Streblow DN, Fish KN, Allan-Yorke J, Smith PP, Nelson JA. Reactivation of
latent human cytomegalovirus in CD14(+) monocytes is differentiation dependent. J Virol. 2001; 75
(16):7543-54. Epub 2001/07/20. doi: 10.1128/JVI.75.16.7543-7554.2001 PMID: 11462026.

Raftery MJ, Moncke-Buchner E, Matsumura H, Giese T, Winkelmann A, Reuter M, et al. Unravelling
the interaction of human cytomegalovirus with dendritic cells by using SuperSAGE. J Gen Virol. 2009;
90(Pt 9):2221-33. doi: 10.1099/vir.0.010538-0 PMID: 19439557.

Sinzger C, Hahn G, Digel M, Katona R, Sampaio KL, Messerle M, et al. Cloning and sequencing of a
highly productive, endotheliotropic virus strain derived from human cytomegalovirus TB40/E. J Gen
Virol. 2008; 89(Pt 2):359-68. Epub 2008/01/17. 89/2/359 [pii] doi: 10.1099/vir.0.83286-0 PMID:
18198366.

Chou SW, Scott KM. Rapid quantitation of cytomegalovirus and assay of neutralizing antibody by
using monoclonal antibody to the major immediate-early viral protein. J Clin Microbiol. 1988; 26
(3):504—7. Epub 1988/03/01. PMID: 2833529.

Verreck FA, de Boer T, Langenberg DM, van der Zanden L, Ottenhoff TH. Phenotypic and functional
profiling of human proinflammatory type-1 and anti-inflammatory type-2 macrophages in response to
microbial antigens and IFN-gamma- and CD40L-mediated costimulation. J Leukoc Biol. 2006; 79
(2):285-93. Epub 2005/12/07. jlb.0105015 [pii] doi: 10.1189/jlb.0105015 PMID: 16330536.

PLOS ONE | DOI:10.1371/journal.pone.0164843 October 19, 2016 16/20


http://dx.doi.org/10.1128/JVI.03497-12
http://dx.doi.org/10.1128/JVI.03497-12
http://www.ncbi.nlm.nih.gov/pubmed/23365437
http://www.ncbi.nlm.nih.gov/pubmed/9889260
http://www.ncbi.nlm.nih.gov/pubmed/20704905
http://dx.doi.org/10.1099/vir.0.81161-0
http://www.ncbi.nlm.nih.gov/pubmed/16227215
http://dx.doi.org/10.1073/pnas.0408994102
http://www.ncbi.nlm.nih.gov/pubmed/15738399
http://www.ncbi.nlm.nih.gov/pubmed/2999423
http://www.ncbi.nlm.nih.gov/pubmed/6298447
http://www.ncbi.nlm.nih.gov/pubmed/6281461
http://www.ncbi.nlm.nih.gov/pubmed/15105547
http://dx.doi.org/10.1099/vir.0.79888-0
http://dx.doi.org/10.1073/pnas.1115861108
http://www.ncbi.nlm.nih.gov/pubmed/22109557
http://dx.doi.org/10.1016/j.coviro.2014.03.015
http://www.ncbi.nlm.nih.gov/pubmed/24769092
http://dx.doi.org/10.1126/science.1227919
http://www.ncbi.nlm.nih.gov/pubmed/23180859
http://dx.doi.org/10.1099/vir.0.038083-0
http://www.ncbi.nlm.nih.gov/pubmed/22258857
http://dx.doi.org/10.1053/jinf.2001.0948
http://www.ncbi.nlm.nih.gov/pubmed/12076064
http://dx.doi.org/10.1093/jac/dkh396
http://dx.doi.org/10.1093/jac/dkh396
http://www.ncbi.nlm.nih.gov/pubmed/15282241
http://dx.doi.org/10.1128/JVI.75.16.7543-7554.2001
http://www.ncbi.nlm.nih.gov/pubmed/11462026
http://dx.doi.org/10.1099/vir.0.010538-0
http://www.ncbi.nlm.nih.gov/pubmed/19439557
http://dx.doi.org/10.1099/vir.0.83286-0
http://www.ncbi.nlm.nih.gov/pubmed/18198366
http://www.ncbi.nlm.nih.gov/pubmed/2833529
http://dx.doi.org/10.1189/jlb.0105015
http://www.ncbi.nlm.nih.gov/pubmed/16330536

@° PLOS | ONE

HCMV Displays a Unique Transcriptome in Primary Monocyte-Derived Cells

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Hargett D, Shenk TE. Experimental human cytomegalovirus latency in CD14+ monocytes. Proc Natl
Acad Sci U S A. 2010; 107(46):20039—44. Epub 2010/11/03. 1014509107 [pii] doi: 10.1073/pnas.
1014509107 PMID: 21041645.

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al. Bioconductor: open soft-
ware development for computational biology and bioinformatics. Genome biology. 2004; 5(10):R80.
doi: 10.1186/gb-2004-5-10-r80 PMID: 15461798; PubMed Central PMCID: PMC545600.

Anders S, Huber W. Differential expression analysis for sequence count data. Genome biology. 2010;
11(10):R106. doi: 10.1186/gb-2010-11-10-r106 PMID: 20979621; PubMed Central PMCID:
PMC3218662.

Benjamini Y, HY. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple
Testing. Journal of the Royal Statistical Society. 1995; 57:pp. 289-300.

Raghavan N, Amaratunga D, Cabrera J, Nie A, Qin J, McMillian M. On methods for gene function scor-
ing as a means of facilitating the interpretation of microarray results. Journal of computational biology:
a journal of computational molecular cell biology. 2006; 13(3):798-809. doi: 10.1089/cmb.2006.13.798
PMID: 16706726.

Van Damme E, Van Loock M. Functional annotation of human cytomegalovirus gene products: an
update. Frontiers in microbiology. 2014; 5:218. doi: 10.3389/fmicb.2014.00218 PMID: 24904534;
PubMed Central PMCID: PMC4032930.

Chambers J, Angulo A, Amaratunga D, Guo H, Jiang Y, Wan JS, et al. DNA microarrays of the com-
plex human cytomegalovirus genome: profiling kinetic class with drug sensitivity of viral gene expres-
sion. J Virol. 1999; 73(7):5757—66. Epub 1999/06/11. PMID: 10364327.

Streblow DN, van Cleef KW, Kreklywich CN, Meyer C, Smith P, Defilippis V, et al. Rat cytomegalovirus
gene expression in cardiac allograft recipients is tissue specific and does not parallel the profiles
detected in vitro. J Virol. 2007; 81(8):3816—26. doi: 10.1128/JV1.02425-06 PMID: 17251289; PubMed
Central PMCID: PMC1866122.

Arrode G, Davrinche C. Dendritic cells and HCMV cross-presentation. Curr Top Microbiol Immunol.
2003; 276:277-94. Epub 2003/06/12. PMID: 12797453.

Bayer C, Varani S, Wang L, Walther P, Zhou S, Straschewski S, et al. Human cytomegalovirus infec-
tion of M1 and M2 macrophages triggers inflammation and autologous T-cell proliferation. J Virol.
2013; 87(1):67-79. Epub 2012/10/12. JVI.01585-12 [pii] doi: 10.1128/JVI.01585-12 PMID: 23055571.

Durose JB, Li J, Chien S, Spector DH. Infection of Vascular Endothelial Cells with Human Cytomegalo-
virus Under Fluid Shear Stress Reveals Preferential Entry and Spread of Virus in Flow Conditions Sim-
ulating Atheroprone Regions of the Artery. J Virol. 2012; 86(24):13745-55. Epub 2012/10/12.
JV1.02244-12 [pii] doi: 10.1128/JV1.02244-12 PMID: 23055562.

O’Connor CM, Shenk T. Human Cytomegalovirus pUL78 G Protein-Coupled Receptor Homologue Is
Required for Timely Cell Entry in Epithelial Cells but Not Fibroblasts. J Virol. 86(21):11425-33. Epub
2012/08/24. JV1.05900-11 [pii] doi: 10.1128/JVI.05900-11 PMID: 22915800.

Sinzger C, Bissinger AL, Viebahn R, Oettle H, Radke C, Schmidt CA, et al. Hepatocytes are permissive
for human cytomegalovirus infection in human liver cell culture and In vivo. J Infect Dis. 1999; 180
(4):976-86. Epub 1999/09/09. JID990239 [pii] doi: 10.1086/315032 PMID: 10479121.

Riegler S, Hebart H, Einsele H, Brossart P, Jahn G, Sinzger C. Monocyte-derived dendritic cells are
permissive to the complete replicative cycle of human cytomegalovirus. J Gen Virol. 2000; 81(Pt
2):393-9. Epub 2000/01/25. PMID: 10644837. doi: 10.1099/0022-1317-81-2-393

Huang MM, Kew VG, Jestice K, Wills MR, Reeves MB. Efficient human cytomegalovirus reactivation is
maturation dependent in the Langerhans dendritic cell lineage and can be studied using a CD14+
experimental latency model. J Virol. 2012; 86(16):8507—15. Epub 2012/06/01. JVI.00598-12 [pii] doi:
10.1128/JV1.00598-12 PMID: 22647696.

Hahn G, Jores R, Mocarski ES. Cytomegalovirus remains latent in a common precursor of dendritic
and myeloid cells. Proc Natl Acad Sci U S A. 1998; 95(7):3937—42. Epub 1998/05/09. PMID: 9520471.

Zhuravskaya T, Maciejewski JP, Netski DM, Bruening E, Mackintosh FR, St Jeor S. Spread of human
cytomegalovirus (HCMV) after infection of human hematopoietic progenitor cells: model of HCMV
latency. Blood. 1997; 90(6):2482—91. Epub 1997/10/06. PMID: 9310501.

Soderberg-Naucler C, Fish KN, Nelson JA. Reactivation of latent human cytomegalovirus by alloge-
neic stimulation of blood cells from healthy donors. Cell. 1997; 91(1):119-26. PMID: 9335340.

Bullwinkel J, Ludemann A, Debarry J, Singh PB. Epigenotype switching at the CD14 and CD209
genes during differentiation of human monocytes to dendritic cells. Epigenetics. 6(1):45-51. Epub
2010/09/08. 13314 [pii] doi: 10.4161/epi.6.1.13314 PMID: 20818162.

PLOS ONE | DOI:10.1371/journal.pone.0164843 October 19, 2016 17/20


http://dx.doi.org/10.1073/pnas.1014509107
http://dx.doi.org/10.1073/pnas.1014509107
http://www.ncbi.nlm.nih.gov/pubmed/21041645
http://dx.doi.org/10.1186/gb-2004-5-10-r80
http://www.ncbi.nlm.nih.gov/pubmed/15461798
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
http://dx.doi.org/10.1089/cmb.2006.13.798
http://www.ncbi.nlm.nih.gov/pubmed/16706726
http://dx.doi.org/10.3389/fmicb.2014.00218
http://www.ncbi.nlm.nih.gov/pubmed/24904534
http://www.ncbi.nlm.nih.gov/pubmed/10364327
http://dx.doi.org/10.1128/JVI.02425-06
http://www.ncbi.nlm.nih.gov/pubmed/17251289
http://www.ncbi.nlm.nih.gov/pubmed/12797453
http://dx.doi.org/10.1128/JVI.01585-12
http://www.ncbi.nlm.nih.gov/pubmed/23055571
http://dx.doi.org/10.1128/JVI.02244-12
http://www.ncbi.nlm.nih.gov/pubmed/23055562
http://dx.doi.org/10.1128/JVI.05900-11
http://www.ncbi.nlm.nih.gov/pubmed/22915800
http://dx.doi.org/10.1086/315032
http://www.ncbi.nlm.nih.gov/pubmed/10479121
http://www.ncbi.nlm.nih.gov/pubmed/10644837
http://dx.doi.org/10.1099/0022-1317-81-2-393
http://dx.doi.org/10.1128/JVI.00598-12
http://www.ncbi.nlm.nih.gov/pubmed/22647696
http://www.ncbi.nlm.nih.gov/pubmed/9520471
http://www.ncbi.nlm.nih.gov/pubmed/9310501
http://www.ncbi.nlm.nih.gov/pubmed/9335340
http://dx.doi.org/10.4161/epi.6.1.13314
http://www.ncbi.nlm.nih.gov/pubmed/20818162

@° PLOS | ONE

HCMV Displays a Unique Transcriptome in Primary Monocyte-Derived Cells

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Schmittel A, Scheibenbogen C, Keilholz U. Lipopolysaccharide effectively up-regulates B7-1 (CD80)
expression and costimulatory function of human monocytes. Scand J Immunol. 1995; 42(6):701—4.
Epub 1995/12/01. PMID: 8552995.

Reis e Sousa C, Hieny S, Scharton-Kersten T, Jankovic D, Charest H, Germain RN, et al. In vivo
microbial stimulation induces rapid CD40 ligand-independent production of interleukin 12 by dendritic
cells and their redistribution to T cell areas. J Exp Med. 1997; 186(11):1819—29. Epub 1998/01/07.
PMID: 9382881.

de Saint-Vis B, Fugier-Vivier |, Massacrier C, Gaillard C, Vanbervliet B, Ait-Yahia S, et al. The cytokine
profile expressed by human dendritic cells is dependent on cell subtype and mode of activation. J
Immunol. 1998; 160(4):1666—76. Epub 1998/02/20. PMID: 9469423.

Steinbach F, Krause B, Blass S, Burmester GR, Hiepe F. Development of accessory phenotype and
function during the differentiation of monocyte-derived dendritic cells. Research in immunology. 1998;
149(7-8):627-32. PMID: 98515183.

Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine system in diverse
forms of macrophage activation and polarization. Trends Immunol. 2004; 25(12):677—86. Epub 2004/
11/09. S1471-4906(04)00295-9 [pii] doi: 10.1016/}.it.2004.09.015 PMID: 15530839.

D’Andrea A, Aste-Amezaga M, Valiante NM, Ma X, Kubin M, Trinchieri G. Interleukin 10 (IL-10) inhibits
human lymphocyte interferon gamma-production by suppressing natural killer cell stimulatory factor/
IL-12 synthesis in accessory cells. J Exp Med. 1993; 178(3):1041-8. Epub 1993/09/01. PMID:
8102388.

Mantovani A, Sica A, Locati M. New vistas on macrophage differentiation and activation. Eur J Immu-
nol. 2007; 37(1):14-6. Epub 2006/12/22. doi: 10.1002/e}i.200636910 PMID: 17183610.

Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and anti-inflammatory properties of
the cytokine interleukin-6. Biochim Biophys Acta. 2011; 1813(5):878-88. Epub 2011/02/08. S0167-
4889(11)00042-5 [pii] doi: 10.1016/j.bbamcr.2011.01.034 PMID: 21296109.

Mosser DM. The many faces of macrophage activation. J Leukoc Biol. 2003; 73(2):209—-12. Epub
2003/01/30. PMID: 12554797.

Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment.
F1000prime reports. 2014; 6:13. doi: 10.12703/P6-13 PMID: 24669294; PubMed Central PMCID:
PMC3944738.

Tugal D, Liao X, Jain MK. Transcriptional control of macrophage polarization. Arteriosclerosis, throm-
bosis, and vascular biology. 2013; 33(6):1135—44. doi: 10.1161/ATVBAHA.113.301453 PMID:
23640482.

Ohradanova-Repic A, Machacek C, Fischer MB, Stockinger H. Differentiation of human monocytes
and derived subsets of macrophages and dendritic cells by the HLDA10 monoclonal antibody panel.
Clinical & translational immunology. 2016; 5(1):e55. doi: 10.1038/cti.2015.39 PMID: 26900469;
PubMed Central PMCID: PMC4735061.

Eligini S, Brioschi M, Fiorelli S, Tremoli E, Banfi C, Colli S. Human monocyte-derived macrophages are
heterogenous: Proteomic profile of different phenotypes. Journal of proteomics. 2015; 124:112-23.
doi: 10.1016/j.jprot.2015.03.026 PMID: 25857278.

Eligini S, Crisci M, Bono E, Songia P, Tremoli E, Colombo G, et al. Human monocyte-derived macro-
phages spontaneously differentiated in vitro show distinct phenotypes. J Cell Physiol. 2013; 228
(7):1464—72. doi: 10.1002/jcp.24301 PMID: 23255209.

Elkord E, Williams PE, Kynaston H, Rowbottom AW. Human monocyte isolation methods influence
cytokine production from in vitro generated dendritic cells. Immunology. 2005; 114(2):204—12. doi: 10.
1111/j.1365-2567.2004.02076.x PMID: 15667565; PubMed Central PMCID: PMC1782075.

Vogt G, Nathan C. In vitro differentiation of human macrophages with enhanced antimycobacterial
activity. J Clin Invest. 2011; 121(10):3889-901. doi: 10.1172/JCI57235 PMID: 21911939; PubMed
Central PMCID: PMC3195467.

Goodrum F, Jordan CT, Terhune SS, High K, Shenk T. Differential outcomes of human cytomegalovi-
rus infection in primitive hematopoietic cell subpopulations. Blood. 2004; 104(3):687-95. Epub 2004/
04/20. doi: 10.1182/blood-2003-12-4344 2003-12-4344 [pii]. PMID: 15090458.

Bresnahan WA, Shenk T. A subset of viral transcripts packaged within human cytomegalovirus parti-
cles. Science. 2000; 288(5475):2373—6. PMID: 10875924,

Gurczynski SJ, Das S, Pellett PE. Deletion of the human cytomegalovirus US17 gene increases the
ratio of genomes per infectious unit, and alters regulation of immune and ER stress response genes at
early and late times after infection. Journal of virology. 2013. doi: 10.1128/JV1.02704-13 PMID:
24335296.

PLOS ONE | DOI:10.1371/journal.pone.0164843 October 19, 2016 18/20


http://www.ncbi.nlm.nih.gov/pubmed/8552995
http://www.ncbi.nlm.nih.gov/pubmed/9382881
http://www.ncbi.nlm.nih.gov/pubmed/9469423
http://www.ncbi.nlm.nih.gov/pubmed/9851513
http://dx.doi.org/10.1016/j.it.2004.09.015
http://www.ncbi.nlm.nih.gov/pubmed/15530839
http://www.ncbi.nlm.nih.gov/pubmed/8102388
http://dx.doi.org/10.1002/eji.200636910
http://www.ncbi.nlm.nih.gov/pubmed/17183610
http://dx.doi.org/10.1016/j.bbamcr.2011.01.034
http://www.ncbi.nlm.nih.gov/pubmed/21296109
http://www.ncbi.nlm.nih.gov/pubmed/12554797
http://dx.doi.org/10.12703/P6-13
http://www.ncbi.nlm.nih.gov/pubmed/24669294
http://dx.doi.org/10.1161/ATVBAHA.113.301453
http://www.ncbi.nlm.nih.gov/pubmed/23640482
http://dx.doi.org/10.1038/cti.2015.39
http://www.ncbi.nlm.nih.gov/pubmed/26900469
http://dx.doi.org/10.1016/j.jprot.2015.03.026
http://www.ncbi.nlm.nih.gov/pubmed/25857278
http://dx.doi.org/10.1002/jcp.24301
http://www.ncbi.nlm.nih.gov/pubmed/23255209
http://dx.doi.org/10.1111/j.1365-2567.2004.02076.x
http://dx.doi.org/10.1111/j.1365-2567.2004.02076.x
http://www.ncbi.nlm.nih.gov/pubmed/15667565
http://dx.doi.org/10.1172/JCI57235
http://www.ncbi.nlm.nih.gov/pubmed/21911939
http://dx.doi.org/10.1182/blood-2003-12-4344
http://www.ncbi.nlm.nih.gov/pubmed/15090458
http://www.ncbi.nlm.nih.gov/pubmed/10875924
http://dx.doi.org/10.1128/JVI.02704-13
http://www.ncbi.nlm.nih.gov/pubmed/24335296

@° PLOS | ONE

HCMV Displays a Unique Transcriptome in Primary Monocyte-Derived Cells

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Mezger M, Bonin M, Kessler T, Gebhardt F, Einsele H, Loeffler J. Toll-like receptor 3 has no critical
role during early immune response of human monocyte-derived dendritic cells after infection with the
human cytomegalovirus strain TB40E. Viral immunology. 2009; 22(6):343-51. doi: 10.1089/vim.2009.
0011 PMID: 19951172.

Renneson J, Dutta B, Goriely S, Danis B, Lecomte S, Laes JF, et al. IL-12 and type | IFN response of
neonatal myeloid DC to human CMV infection. European journal of immunology. 2009; 39(10):2789—
99. doi: 10.1002/€ji.200939414 PMID: 19637227.

Zhu H, Cong JP, Shenk T. Use of differential display analysis to assess the effect of human cytomega-
lovirus infection on the accumulation of cellular RNAs: induction of interferon-responsive RNAs. Pro-
ceedings of the National Academy of Sciences of the United States of America. 1997; 94(25):13985—
90. PMID: 9391139; PubMed Central PMCID: PMC28419.

Hesse J, Ameres S, Besold K, Krauter S, Moosmann A, Plachter B. Suppression of CD8+ T-cell recog-
nition in the immediate-early phase of human cytomegalovirus infection. J Gen Virol. 2013; 94(Pt
2):376-86. doi: 10.1099/vir.0.045682-0 PMID: 23100361.

Noriega VM, Hesse J, Gardner TJ, Besold K, Plachter B, Tortorella D. Human cytomegalovirus US3
modulates destruction of MHC class | molecules. Molecularimmunology. 2012; 51(2):245-53. doi: 10.
1016/j.molimm.2012.03.024 PMID: 22497807; PubMed Central PMCID: PMC3367378.

Oresic K, Noriega V, Andrews L, Tortorella D. A structural determinant of human cytomegalovirus US2
dictates the down-regulation of class | major histocompatibility molecules. J Biol Chem. 2006; 281
(28):19395-406. doi: 10.1074/jbc.M601026200 PMID: 16687410.

Oresic K, Tortorella D. Endoplasmic reticulum chaperones participate in human cytomegalovirus US2-
mediated degradation of class | major histocompatibility complex molecules. J Gen Virol. 2008; 89(Pt
5):1122-30. doi: 10.1099/vir.0.83516-0 PMID: 18420789; PubMed Central PMCID: PMC2634742.

Wiertz EJ, Jones TR, Sun L, Bogyo M, Geuze HJ, Ploegh HL. The human cytomegalovirus US11 gene
product dislocates MHC class | heavy chains from the endoplasmic reticulum to the cytosol. Cell.
1996; 84(5):769-79. PMID: 86254 14.

Park B, Spooner E, Houser BL, Strominger JL, Ploegh HL. The HCMV membrane glycoprotein US10
selectively targets HLA-G for degradation. J Exp Med. 2010; 207(9):2033—41. doi: 10.1084/jem.
20091793 PMID: 20713594; PubMed Central PMCID: PMC2931171.

Tirabassi RS, Ploegh HL. The human cytomegalovirus US8 glycoprotein binds to major histocompati-
bility complex class | products. Journal of virology. 2002; 76(13):6832—5. PMID: 12050396; PubMed
Central PMCID: PMC136258. doi: 10.1128/JV1.76.13.6832-6835.2002

Furman MH, Dey N, Tortorella D, Ploegh HL. The human cytomegalovirus US10 gene product delays
trafficking of major histocompatibility complex class | molecules. Journal of virology. 2002; 76
(22):11753-6. PMID: 12388737; PubMed Central PMCID: PMC136774. doi: 10.1128/JVI1.76.22.
11753-11756.2002

Tirosh B, lwakoshi NN, Lilley BN, Lee AH, Glimcher LH, Ploegh HL. Human cytomegalovirus protein
US11 provokes an unfolded protein response that may facilitate the degradation of class | major histo-
compatibility complex products. Journal of virology. 2005; 79(5):2768-79. doi: 10.1128/JV1.79.5.2768-
2779.2005 PMID: 15708995; PubMed Central PMCID: PMC548438.

Dugan GE, Hewitt EW. Structural and Functional Dissection of the Human Cytomegalovirus Immune
Evasion Protein US6. J Virol. 2008; 82(7):3271-82. doi: 10.1128/JVI.01705-07 PMID: 18199642;
PubMed Central PMCID: PMC2268496.

KimY, Park B, Cho S, Shin J, Cho K, JunY, et al. Human cytomegalovirus UL18 utilizes US6 for evad-
ing the NK and T-cell responses. PLoS Pathog. 2008; 4(8):e1000123. doi: 10.1371/journal.ppat.
1000123 PMID: 18688275; PubMed Central PMCID: PMC2483941.

Arnolds KL, Lares AP, Spencer JV. The US27 gene product of human cytomegalovirus enhances sig-
naling of host chemokine receptor CXCR4. Virology. 2013; 439(2):122-31. doi: 10.1016/j.virol.2013.
02.006 PMID: 23490053; PubMed Central PMCID: PMC3639318.

Stropes MP, Schneider OD, Zagorski WA, Miller JL, Miller WE. The carboxy-terminal tail of human
cytomegalovirus (HCMV) US28 regulates both chemokine-independent and chemokine-dependent
signaling in HCMV-infected cells. J Virol. 2009; 83(19):10016—-27. doi: 10.1128/JV1.00354-09 PMID:
19605482; PubMed Central PMCID: PMC2748033.

van den Boomen DJ, Lehner PJ. Identifying the ERAD ubiquitin E3 ligases for viral and cellular target-
ing of MHC class |. Molecular immunology. 2015; 68(2 Pt A):106—11. doi: 10.1016/j.molimm.2015.07.
005 PMID: 26210183; PubMed Central PMCID: PMC4678111.

Seidel E, Le VT, Bar-On Y, Tsukerman P, Enk J, Yamin R, et al. Dynamic Co-evolution of Host and
Pathogen: HCMV Downregulates the Prevalent Allele MICA *008 to Escape Elimination by NK Cells.
Cell reports. 2015. doi: 10.1016/j.celrep.2015.01.029 PMID: 25683719; PubMed Central PMCID:
PMC4641326.

PLOS ONE | DOI:10.1371/journal.pone.0164843 October 19, 2016 19/20


http://dx.doi.org/10.1089/vim.2009.0011
http://dx.doi.org/10.1089/vim.2009.0011
http://www.ncbi.nlm.nih.gov/pubmed/19951172
http://dx.doi.org/10.1002/eji.200939414
http://www.ncbi.nlm.nih.gov/pubmed/19637227
http://www.ncbi.nlm.nih.gov/pubmed/9391139
http://dx.doi.org/10.1099/vir.0.045682-0
http://www.ncbi.nlm.nih.gov/pubmed/23100361
http://dx.doi.org/10.1016/j.molimm.2012.03.024
http://dx.doi.org/10.1016/j.molimm.2012.03.024
http://www.ncbi.nlm.nih.gov/pubmed/22497807
http://dx.doi.org/10.1074/jbc.M601026200
http://www.ncbi.nlm.nih.gov/pubmed/16687410
http://dx.doi.org/10.1099/vir.0.83516-0
http://www.ncbi.nlm.nih.gov/pubmed/18420789
http://www.ncbi.nlm.nih.gov/pubmed/8625414
http://dx.doi.org/10.1084/jem.20091793
http://dx.doi.org/10.1084/jem.20091793
http://www.ncbi.nlm.nih.gov/pubmed/20713594
http://www.ncbi.nlm.nih.gov/pubmed/12050396
http://dx.doi.org/10.1128/JVI.76.13.6832-6835.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388737
http://dx.doi.org/10.1128/JVI.76.22.11753-11756.2002
http://dx.doi.org/10.1128/JVI.76.22.11753-11756.2002
http://dx.doi.org/10.1128/JVI.79.5.2768-2779.2005
http://dx.doi.org/10.1128/JVI.79.5.2768-2779.2005
http://www.ncbi.nlm.nih.gov/pubmed/15708995
http://dx.doi.org/10.1128/JVI.01705-07
http://www.ncbi.nlm.nih.gov/pubmed/18199642
http://dx.doi.org/10.1371/journal.ppat.1000123
http://dx.doi.org/10.1371/journal.ppat.1000123
http://www.ncbi.nlm.nih.gov/pubmed/18688275
http://dx.doi.org/10.1016/j.virol.2013.02.006
http://dx.doi.org/10.1016/j.virol.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23490053
http://dx.doi.org/10.1128/JVI.00354-09
http://www.ncbi.nlm.nih.gov/pubmed/19605482
http://dx.doi.org/10.1016/j.molimm.2015.07.005
http://dx.doi.org/10.1016/j.molimm.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26210183
http://dx.doi.org/10.1016/j.celrep.2015.01.029
http://www.ncbi.nlm.nih.gov/pubmed/25683719

@° PLOS | ONE

HCMV Displays a Unique Transcriptome in Primary Monocyte-Derived Cells

91.

92,

93.

94.

95.

96.

97.

98.

99.

Tirabassi R, Hook L, Landais |, Grey F, Meyers H, Hewitt H, et al. Human cytomegalovirus US7 is regu-
lated synergistically by two virally encoded microRNAs and by two distinct mechanisms. J Virol. 2011;
85(22):11938-44. doi: 10.1128/JVI1.05443-11 PMID: 21900172; PubMed Central PMCID:
PMC3209316.

Apweiler R, Bairoch A, Wu CH, Barker WC, Boeckmann B, Ferro S, et al. UniProt: the Universal Pro-
tein knowledgebase. Nucleic Acids Res. 2004; 32(Database issue):D115-9. doi: 10.1093/nar/gkh131
PMID: 14681372; PubMed Central PMCID: PMC308865.

Kim ET, Kim YE, Kim YJ, Lee MK, Hayward GS, Ahn JH. Analysis of human cytomegalovirus-encoded
SUMO targets and temporal regulation of SUMOylation of the immediate-early proteins IE1 and IE2
during infection. PLoS One. 2014; 9(7):e103308. doi: 10.1371/journal.pone.0103308 PMID:
25050850; PubMed Central PMCID: PMC4106884.

Gibson W. Structure and Fortmation of the Cytomegalovirus Virion. In: Shenk T, Stinski MF, editors.
Human Cytomegalovirus. Berlin Heidelberg: Springer-Verlag; 2008. p. 187-204.

Kreklywich CN, Smith PP, Jones CB, Cornea A, Orloff SL, Streblow DN. Fluorescence-based laser
capture microscopy technology facilitates identification of critical in vivo cytomegalovirus transcrip-
tional programs. Methods Mol Biol. 2014; 1119:217-37. doi: 10.1007/978-1-62703-788-4_13 PMID:
24639226; PubMed Central PMCID: PMC4347879.

Chan G, Nogalski MT, Yurochko AD. Human cytomegalovirus stimulates monocyte-to-macrophage
differentiation via the temporal regulation of caspase 3. J Virol. 2012; 86(19):10714-23. Epub 2012/07/
28. JVI.07129-11 [pii] doi: 10.1128/JVI.07129-11 PMID: 22837201.

Smith MS, Bentz GL, Smith PM, Bivins ER, Yurochko AD. HCMV activates PI(3)K in monocytes and
promotes monocyte motility and transendothelial migration in a PI(3)K-dependent manner. J Leukoc
Biol. 2004; 76(1):65—76. Epub 2004/04/27. doi: 10.1189/jlb.1203621 jlb.1203621 [pii]. PMID:
15107461.

Stevenson EV, Collins-McMillen D, Kim JH, Cieply SJ, Bentz GL, Yurochko AD. HCMV reprogram-
ming of infected monocyte survival and differentiation: a Goldilocks phenomenon. Viruses. 2014; 6
(2):782-807. doi: 10.3390/v6020782 PMID: 24531335; PubMed Central PMCID: PMC3939482.

Dolken L, Ruzsics Z, Radle B, Friedel CC, Zimmer R, Mages J, et al. High-resolution gene expression
profiling for simultaneous kinetic parameter analysis of RNA synthesis and decay. Rna. 2008; 14
(9):1959-72. doi: 10.1261/rna.1136108 PMID: 18658122; PubMed Central PMCID: PMC2525961.

PLOS ONE | DOI:10.1371/journal.pone.0164843 October 19, 2016 20/20


http://dx.doi.org/10.1128/JVI.05443-11
http://www.ncbi.nlm.nih.gov/pubmed/21900172
http://dx.doi.org/10.1093/nar/gkh131
http://www.ncbi.nlm.nih.gov/pubmed/14681372
http://dx.doi.org/10.1371/journal.pone.0103308
http://www.ncbi.nlm.nih.gov/pubmed/25050850
http://dx.doi.org/10.1007/978-1-62703-788-4_13
http://www.ncbi.nlm.nih.gov/pubmed/24639226
http://dx.doi.org/10.1128/JVI.07129-11
http://www.ncbi.nlm.nih.gov/pubmed/22837201
http://dx.doi.org/10.1189/jlb.1203621
http://www.ncbi.nlm.nih.gov/pubmed/15107461
http://dx.doi.org/10.3390/v6020782
http://www.ncbi.nlm.nih.gov/pubmed/24531335
http://dx.doi.org/10.1261/rna.1136108
http://www.ncbi.nlm.nih.gov/pubmed/18658122

