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Human Cytomegalovirus US28 Is Important for Latent Infection of
Hematopoietic Progenitor Cells
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ABSTRACT

Human cytomegalovirus (HCMYV) resides latently in hematopoietic progenitor cells (HPCs). During latency, only a subset of
HCMYV genes is transcribed, including one of the four virus-encoded G protein-coupled receptors (GPCRs), US28. Although
US28 is a multifunctional lytic protein, its function during latency has remained undefined. We generated a panel of US28 re-
combinant viruses in the bacterial artificial chromosome (BAC)-derived clinical HCMYV strain TB40/E-mCherry. We deleted the
entire US28 open reading frame (ORF), deleted all four of the viral GPCR ORFs, or deleted three of the HCMV GPCRs but not
the US28 wild-type protein. Using these recombinant viruses, we assessed the requirement for US28 during latency in the Ka-
sumi-3 in vitro latency model system and in primary ex vivo-cultured CD34" HPCs. Our data suggest that US28 is required for
latency as infection with viruses lacking the US28 ORF alone or in combination with the remaining HCMV-encoded GPCR re-
sults in transcription from the major immediate early promoter, the production of extracellular virions, and the production of
infectious virus capable of infecting naive fibroblasts. The other HCMV GPCRs are not required for this phenotype as a virus
expressing only US28 but not the remaining virus-encoded GPCRs is phenotypically similar to that of wild-type latent infection.
Finally, we found that US28 copurifies with mature virions and is expressed in HPCs upon virus entry although its expression at
the time of infection does not complement the US28 deletion latency phenotype. This work suggests that US28 protein functions
to promote a latent state within hematopoietic progenitor cells.

IMPORTANCE

Human cytomegalovirus (HCMV) is a widespread pathogen that, once acquired, remains with its host for life. HCMV remains
latent, or quiescent, in cells of the hematopoietic compartment and upon immune challenge can reactivate to cause disease.
HCMV-encoded US28 is one of several genes expressed during latency although its biological function during this phase of infec-
tion has remained undefined. Here, we show that US28 aids in promoting experimental latency in tissue culture.

he betaherpesvirus human cytomegalovirus (HCMV) is a

ubiquitous pathogen that, once acquired, remains with its host
for life. HCMV establishes a latent infection in CD34" hemato-
poietic progenitor cells (HPCs), and individuals with a competent
immune system are, for the most part, asymptomatic for disease.
Under weakened immune conditions, however, the virus can re-
activate, causing severe morbidity and often mortality. In devel-
oped countries, such as the United States, approximately 80% of
the population is HCMV positive by 40 years of age (reviewed in
reference 1). In adults, HCMV-associated disease is due mostly to
reactivation of latent infection, whereas primary infections rarely
cause significant health burdens in this population (reviewed in
reference 1). Current treatments administered in clinical settings
to sequester HCMYV infection include those that predominantly
target late stages of viral lytic replication although by this point of
infection, HCMV-associated disease has often already manifested.
Furthermore, CMV drug-resistant strains have emerged, thus un-
derscoring the need for additional therapies (2). Therefore, un-
derstanding the factors that influence viral latency and reactiva-
tion may lead to the identification of novel therapeutics aimed at
targeting a stage of viral infection prior to the manifestation of
disease.

While alpha- and gammaherpesvirus latency model systems
are well developed, having existed for decades, HCMV latency
studies are in their infancy, and our understanding of the control
of HCMV latency and reactivation is incomplete. This is due, at
least in part, to the lack of an animal model system with which to
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interrogate this human virus and, until recently (i.e., within the
last decade), the absence of suitable ex vivo or in vitro HCMV
model systems. HCMV latency culture systems that utilize ex vivo
primary hematopoietic cells (3-14) and in vitro model systems
(15-27) are gaining momentum and being used more widely, and
thus we are learning more about these stages of infection. Repres-
sive chromatin marks are critical in HCMV genomic silencing
during latency, and both histone deacetylases and methyltrans-
ferases function to aid in this repression (reviewed in reference
28). The major immediate early promoter (MIEP) contains mul-
tiple transcription factor binding sites, and these are also modu-
lated by chromatinization and associated with repressive marks
during latency (reviewed in reference 28). Although chromatini-
zation plays a critical role in latency and reactivation, it is clear that
other viral and cellular factors are involved. For example, viral
proteins including UL138 (29, 30), pp71 (13), LUNA (31), UL144
(32), and viral interleukin-10 (latency-associated HCMV ho-
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molog of IL-10 [LAcmvIL-10]) (33-36) contribute to successful
latency and reactivation in culture. HCMV has co-opted cellular
factors as well, such as cellular microRNAs (miRNAs) (36-38),
transcription factors (32, 38), and cell signaling (38, 39). It is clear
that HCMYV latency and reactivation are multifaceted processes
and thus likely that our full understanding of these stages of infec-
tion remains incomplete.

HCMV is a large virus, containing over 200 open reading
frames (ORFs) (40-43). However, during latency only a small
subset of genes is expressed (5, 44). US28 is one of four HCMV-
encoded G-protein coupled receptor (GPCR) homologs and is
expressed during both the latent (5, 32, 44, 45) and lytic (46, 47)
cycles. Although many studies have focused on understanding
US28’s functions during lytic replication (reviewed in reference
48), there is little known about the role US28 plays during latency
although it is one of only a few genes associated with latent tran-
scription. US28 transcripts have been detected both during natu-
ral latency (32, 45) and during ex vivo latent infection studies (4-6,
44, 49). To begin to elucidate the role of US28 during latency, we
have utilized the Kasumi-3 model for HCMV latency and reacti-
vation (23). The Kasumi-3 cell line is a CD34" hematopoietic
progenitor cell (HPC) line that shares many of the same cell sur-
face markers described for the ex vivo systems utilizing primary
CD34" HPCs isolated from either bone marrow or cord blood
(50). We have previously shown that the Kasumi-3 cell line sup-
ports all of the hallmarks of HCMV latency, including reactivation
resulting in the production of infectious virus (23). Using this in
vitro model for HCMYV latency and a panel of viral recombinants,
we show that US28 aids in promoting successful latent infection.
Additionally, we found that this phenotype also occurs during ex
vivo infection of primary CD34" HPCs. Together, our findings
reveal that US28 plays a role in successful latent infection of HPCs.

MATERIALS AND METHODS

Cells and viruses. Kasumi-3 cells (ATCC CRL-2725) were cultured in
RPMI 1640 medium (ATCC 30-2001) supplemented with 20% fetal bo-
vine serum (FBS), 100 U/ml each of penicillin and streptomycin, and 100
pg/ml gentamicin at a density of 3 X 10° to 3 X 10° cells/ml. Primary
newborn human foreskin fibroblasts (NuFF-1 cells; GlobalStem) were
maintained in Dulbecco’s modified Eagle medium (DMEM), supple-
mented with 10% FBS, 2 mM r-glutamine, 0.1 mM nonessential amino
acids, 10 mM HEPES, and 100 U/ml each of penicillin and streptomycin.
Irradiated stromal cells (1:1 mixture of S1/S1 and MG3 cells) were a kind
gift from Felicia D. Goodrum (University of Arizona) and were thawed
directly into human CD34™" long-term culture medium (hLTCM) con-
sisting of MyeloCult H5100 (Stem Cell Technologies) supplemented with
1 uM hydrocortisone and 100 U/ml each of penicillin and streptomycin.
Primary CD34" hematopoietic progenitor cells (HPCs) were isolated
from deidentified cord blood samples by magnetic separation, as de-
scribed elsewhere (4, 5, 51). Cells were immediately infected after isolation
(see below). All cells were maintained at 37°C with 5% CO,. Isolation and
culture conditions for primary CD34™ cells are described in the next
section.

HCMYV bacterial artificial chromosome (BAC)-derived strain TB40/E
(clone 4) (52) was used in this study. We previously engineered this strain
to express mCherry (TB40/E-mCherry) (53). TB40/E-mCherry-US28A
(US28A), in which the entire US28 open reading frame (ORF) is deleted,
and TB40/E-mCherry-allA (allA), in which all four HCMV-encoded
GPCR ORFs (UL33, UL78, US27, and US28) are deleted, have been de-
scribed previously (54). Two independently generated clones were con-
structed in which the ORFs for UL33, UL78, and US27 were excised, while
the US28 ORF remained. This virus, TB40/E-mCherry-US28wt (US28wt;
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where wt indicates the wild-type US28 ORF) was generated using galK
recombineering techniques, as described previously (53, 55), using the
primer sets shown in Table 1. Each US28wt clone was verified by sequence
analysis. All viral stocks were grown on primary fibroblasts (NuFF-1) and
harvested by ultracentrifugation through a 20% sorbitol cushion after
100% cytopathic effect (CPE) was observed. Viral pellets were resus-
pended in X-VIVO15 medium (Lonza) supplemented with 1.5% bovine
serum albumin. Aliquots were flash frozen in liquid nitrogen prior to
long-term storage at —80°C. Titers of all viral stocks were determined by
50% tissue culture infective dose (TCID,,) assays on primary fibroblasts.

Infection of fibroblasts, Kasumi-3 cells, and CD34" HPCs. For viral
growth comparative analyses on fibroblasts, 2.5 X 10° NuFF-1 cells were
infected at a multiplicity of infection of 0.5 TCIDg/cell or 2.0 TCID5 s/
cell for 1 h at 37°C. After adsorption, the inoculum was removed, cells
were washed three times with phosphate-buffered saline (PBS), and then
cultures were replenished with fresh medium. Viral supernatants were
collected every 24 h over a 120-h time course. Viral titers were determined
by TCIDs, assay.

Kasumi-3 cells were infected as described previously (23, 37). In brief,
cells were starved in X-VIVO15 medium (Lonza) for 48 h prior to infec-
tion and then infected with each virus at a multiplicity of infection of 1.0
TCIDs/cell by centrifugal enhancement at 1,000 X g for 30 min at
room temperature in X-VIVO15 medium (Lonza). The following day,
cells were treated with trypsin to remove any virus that had not entered
the cell and then cushioned onto Ficoll-Pacque (GE Healthcare) to
remove residual virus and debris. Infected cells were washed with PBS
and then replated in X-VIVO15 medium (Lonza) and harvested as indi-
cated in the text. To stimulate viral lytic transcription, 20 nM 12-O-tetra-
decanoylphorbol-13-acetate (TPA; Sigma) was added for an additional 2
days, as previously described (23, 37).

Where indicated in the text and in Fig. 8, viral inoculum was inacti-
vated by UV treatment at maximum energy (0.9999 J/cm?) two times
using an HL-2000 HybriLinker UV cross-linker (UVP). Equal multiplic-
ities (1.0 PFU/cell) of UV-inactivated virus and untreated virus were sub-
sequently used to coinfect Kasumi-3 cells, as described above. As controls,
UV- and non-UV-treated inoculum was qualitatively and quantitatively
measured by IE1 immunofluorescence (55) and TCIDs, assay in highly
permissive fibroblasts, respectively.

Immediately following isolation, CD34 " HPCs were infected at a mul-
tiplicity of infection of 2.0 TCID,s/cell in infection medium, as described
elsewhere (51). CD34" HPC infection medium contains Iscove’s modi-
fied Dulbecco’s medium (IMDM; Corning) supplemented with 10%
BIT9500 serum substitute (Stem Cell Technologies), 2 mM L-glutamine,
20 ng/ml low-density lipoproteins, and 50 wM 2-mercaptoethanol. The
following day, cultures were washed three times in PBS and replated in
transwells over stromal cells in hLTCM, as described previously (51). At 5
days postinfection (p.i.), cells were washed three times in PBS, and half of
each infected culture was returned to the transwell culture in hLTCM,
while the remaining half was shifted to reactivation medium (51) contain-
ing alpha modification of Eagle’s medium (a-MEM) supplemented with
20% FBS, 1 wM hydrocortisone, 0.02 mM folic acid, 0.2 mM i-inositol, 0.1
mM 2-mercaptoethanol, 2 mM L-glutamine, 100 U/ml each of penicillin
and streptomycin, and 15 ng/ml of each of the following cytokines: IL-6,
granulocyte colony-stimulating factor (G-CSF), granulocyte-macro-
phage colony-stimulating factor (GM-CSF), and IL-3 (R&D Systems).
The infected cells were cultured an additional 2 days prior to harvest for
reverse transcription-quantitative PCR (RT-qPCR) analyses.

RNA and DNA analyses. Total RNA was isolated from cells as de-
scribed previously (55). Briefly, RNA was isolated with TRI reagent
(Sigma) according to the manufacturer’s instructions. Next, cDNA (1
jg/sample) was reverse transcribed with a TagMan RT reagent kit (Ap-
plied Biosystems), according to the manufacturer’s protocol. Transcripts
were quantified by using equal volumes of cDNA template for RT-qPCR
using SYBR green PCR mix (Applied Biosystems). All samples were ana-
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lyzed in triplicate and normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). All primers are listed in Table 2.

Extracellular viral genomes were quantified by qPCR as described pre-
viously (37). Viral genomes were detected using primers directed at
UL123 (Table 2). All samples were normalized to input and analyzed in
triplicate.

Kasumi-3 cell immunofluorescence. Kasumi-3 cells were infected as
described above at a multiplicity of infection of 1.0 PFU/ml. Cells were
prepared for immunofluorescence as described previously (23). In brief,
Kasumi-3 cells were washed with PBS twice and fixed in 4% formaldehyde
(Thermo Scientific) for 10 min at room temperature, and then the fixative
was diluted with 5 times the volume of permeabilization buffer (1% bo-
vine serum albumin [BSA], 2 mM EDTA, 0.1% sodium azide, 0.1% sapo-
nin in PBS), after which the cells were pelleted at 0.5 X g for 7 min. This
washing step was repeated two additional times. Cells were then incubated
for 20 min with an IE1 monoclonal antibody (clone 1B12) (56), diluted
1:10 in permeabilization buffer. Next, cells were diluted and washed as
described above and then incubated with Alexa Fluor 488 anti-mouse
secondary antibody (Molecular Probes), diluted 1:1,000 in permeabiliza-
tion buffer, for 15 min in the dark at room temperature. Cells were then
diluted and washed as described above, washed an additional two times in
permeabilization buffer lacking saponin, resuspended in SlowFade Gold
Antifade Reagent containing 4',6’-diamidino-2-phenylindole (DAPI;
Molecular Probes), and then mounted onto Superfrost Plus microscope
slides (Fisher). Images were collected on a Leica DM IRB inverted fluo-
rescence microscope using a 40X objective.

Protein analyses. For fibroblast (NuFF-1)-associated US28 expres-
sion, 5 X 10° NuFF-1 cells were infected with TB40/E-mCherry-US28-
3XF (US28-3XF) carrying a triple FLAG tag (3XF) (54) at a multiplicity
of infection of 1.0 TCID;/cell for 1 h. Inoculum was then removed, and
cells were washed three times with PBS and then cultured for 96 h in fresh
medium. For Kasumi-3 cell-associated US28 expression, cells were first
starved in X-VIVO15 medium (Lonza) for 48 h. Then, 1.65 X 10 cells per
condition were pretreated with or without cycloheximide (CHX; 100 g/
ml) for 1 h prior to mock infection or infection with US28-3XF at a
multiplicity of infection of 50 TCIDgs/cell (55, 57) by centrifugal en-
hancement (1,000 X g for 30 min at room temperature). Following ad-
sorption, inoculum was removed, and the cells were washed three times
with PBS. All mock- or virus-infected Kasumi-3 cell cultures were treated
with trypsin (100 pg/ml) at 37°C for 15 min to remove residual, extracel-
lular virions. Soybean trypsin inhibitor (100 wg/ml; Sigma) was then
added (55, 57). For both fibroblast and Kasumi-3 cell cultures, total cell
lysates were collected and lysed in radioimmunoprecipitation assay
(RIPA) buffer, and equal protein amounts (15 pg) were analyzed by West-
ern blotting.

To assess the presence of US28 in mature viral particles, NuFF-1 cells
were infected at a multiplicity of infection of 1.0 TCID5/cell. When 100%
cytopathic effect was observed, the infectious medium was collected and
precleared of cellular debris two times by centrifugation (3,000 X g for 5
min at room temperature). The virus-containing medium was then puri-
fied through a 20% sorbitol cushion. Viral particles were concentrated
100X in 10 mM Tris-Cl, pH 8.0, 400 mM NaCl, and 10 mM EDTA, and
one-fifth of the concentrated particles were then analyzed by Western
blotting.

All proteins were denatured for 10 min at 42°C prior to SDS-PAGE
separation. Antibodies used in the analyses included the following: anit-
FLAG M2 (Sigma) diluted 1:7,500; anti-IE2 (clone 3A9) (58) and anti-
pp65 (clone 8A8) (59), each diluted at 1:100; anti-tubulin (Sigma) diluted
at 1:5,000; and horseradish peroxidase (HRP)-conjugated goat-anti-
mouse secondary antibody (Jackson Immuno Research Labs) diluted at
1:10,000.
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Generation of viral recombinants. To begin to understand how
US28 influences a latent infection, we generated a panel of viral
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TABLE 2 Primers used for DNA and RNA analyses

Gene name  Primer direction®  Primer sequence (5'-3")
UL123 FOR GCCTTCCCTAAGACCACCAAT
REV ATTTTCTGGGCATAAGCCATAATC
UL44 FOR TACAACAGCGTGTCGTGCTCCG
REV GGCGTGAAAAACATGCGTATCAAC
UL99 FOR GTGTCCCATTCCCGACTCG
REV TTCACAACGTCCACCCACC
UL138 FOR GGTTCATCGTCTTCGTCGTC
REV CACGGGTTTCAACAGATCG
US28 FOR CCAGAATCGTTGCGGTGTCTCAGT
REV CGTGTCCACAAACAGCGTCAGGT
UsSs27 FOR CCGTATGGTGCGGTTTATCATTA
REV CTAAAAATAGCGCCAGGTTGAAAGG
GAPDH FOR ACCCACTCCTCCACCTTTGAC
REV CTGTTGCTGTAGCCAAATTCGT

“ FOR, forward; REV, reverse.

mutants utilizing the galK system for bacterial recombineering
(60). We constructed each recombinant in the wild-type (WT)
background of the bacterial artificial chromosome (BAC)-derived
clinical isolate TB40/E-mCherry (55). We have previously de-
scribed the mutants in which we deleted either the entire US28
ORF (US28A) (reference (54) or all four GPCRs (allA) (54). For
this study, we created an additional recombinant in which US28
was the only GPCR expressed (US28wr) (Fig. 1). At multiplicities
of infection of both 0.5 TCID5/cell (Fig. 2A) and 2.0 TCIDs,s/cell
(Fig. 2B), allA infections of fibroblasts resulted in low titers at 72 h
p.i. (hpi) that eventually grew to WT titer levels by 120 hpi;
US28wt infection resulted in titers comparable to those of the WT
virus at each time point assessed in lytically infected fibroblasts
and in a slight growth advantage at late times at each multiplicity
of infection (Fig. 2). As expected, US28 is dispensable for lytic
replication in fibroblasts (Fig. 2), as we along with others have
previously reported (46, 54, 61-63). Importantly, although titers

A B

TR, U

IR IRg Us TRg
WT o> ——)

1
(mea>\ ’
recombination "y

for US28wt at 96 hpi were significantly higher than those of the
other three viruses, none of these viral recombinants displayed a
significant growth advantage in lytically infected fibroblasts com-
pared to growth of the WT at 120 hpi (Fig. 2), and each of the two
independent clones for all of the constructs displayed similar phe-
notypes, suggesting that the growth properties we observed during
infections that favor latency (see below) are not due to defects in
Iytic replication.

US28 is expressed in infected Kasumi-3 cells and primary
CD34™ HPCs under conditions that promote latency. Investiga-
tors have previously reported that US28 is expressed during la-
tency in natural (32, 45) and experimental (4-6, 44, 49) infections.
To confirm these findings in our culture systems, we examined the
expression of US28 transcripts in both in vitro-cultured CD34™"
Kasumi-3 cells and ex vivo-cultured primary cord blood-derived
CD34™ HPCs. To this end, we latently infected either Kasumi-3
cells (23) or primary CD34" HPCs (4, 5) with TB40/E-mCherry.
Following 18 days of latent infection of each cell type, we induced
lytic reactivation in parallel cultures (4, 5, 23). To induce lytic
reactivation, Kasumi-3 cells were treated with the phorbol ester
TPA, whereas the primary CD34" HPCs were cultured in reacti-
vation medium (see Materials and Methods). Utilizing RT-qPCR,
we assessed the expression of US28 c¢cDNA relative to that of
UL123. Evaluating the ratio of US28 to UL123 is critical since
US28 is expressed during both lytic and latent HCMV replication.
The UL123 transcript, however, is highly expressed during lytic
replication yet silenced during viral latency. Thus, during latency,
the ratio of US28/UL123 transcripts should be increased, whereas
during active/lytic transcription when both US28 and UL123 are
expressed, the expression levels should be closer to a 1:1 ratio. We
found that US28 mRNA is expressed in the Kasumi-3 model for in
vitro latency (Fig. 3, first panel) and confirmed previously pub-
lished findings (4, 5, 44) showing that US28 RNA is expressed
during ex vivo latency in primary CD34™ cells (Fig. 3, first panel).
As a control, we assessed the expression of the latency-associated

/
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recombination

. 7
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US28-3xF
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FIG 1 Schematic of recombinant viruses. (A) BAC-derived TB40/E-mCherry was used to generate TB40/E-mCherry-US28-3XF (US28-3 XF), which contains
three tandem FLAG epitopes at the C terminus of the US28 ORF (54). TB40/E-mCherry-US28A (US28A) was generated by deleting the entire US28 epitope-
tagged ORF (54). (B) To generate a recombinant in which US28 is the only intact HCMV GPCR ORF, we performed a series of recombination events whereby
the entire coding regions for UL33, UL78, and US27 were excised and repaired by linear recombination. This resulted in a virus termed TB40/E-mCherry-US28wt
(US28wt). Finally, using US28wt, we deleted US28 in its entirety, yielding TB40/E-mCherry-allA (allA) (54). TR, and TR, long and short terminal repeat,
respectively; U, and U, long and short unique region, respectively; IR; and IR, long and short internal repeat, respectively.
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FIG 2 US28 is dispensable for lytic grown in fibroblasts. Primary fibroblasts (NuFF-1) were infected with the viruses indicated at a multiplicity of infection of
0.5 TCIDg/cell (A) or 2.0 TCID;gs/cell (B). Supernatants were harvested over a time course of 120 h, and then titers for each time point were determined by

TCIDj, assays. Samples were analyzed in triplicate.

transcript UL138 during latent infection and following reactiva-
tion in Kasumi-3 cells (Fig. 3, second panel) and CD34™ cells (Fig.
3, second panel). We also assessed the viral early lytic gene UL44
and the late lytic gene UL99, both of which are associated with
lytic transcription, in each cell type as controls for successful
latent infection and subsequent reactivation (Fig. 3, third and
fourth panels, respectively). Finally, we confirmed that while
the viral GPCR US28 is associated with latent transcription,
another HCMV GPCR, US27, is expressed during lytic, rather
than latent, infection in both Kasumi-3 cells and CD34™ cells
(Fig. 3, last panel). Taken together, these data confirm that,
similar to findings in latently infected primary CD34" HPCs,
the US28 transcript is actively transcribed in Kasumi-3 cells
cultured under conditions shown to support latency. Thus,
these cells are a suitable platform with which to begin to inves-
tigate US28-associated phenotypes during latency and/or reac-
tivation.

US28 is required for latent infection in Kasumi-3 cells. To
determine the contribution of US28 toward a successful latent
infection of Kasumi-3 cells, we assessed the production of extra-
cellular virions over a 5-day time course following latent infection
of Kasumi-3 cells and assessed viral DNA using qPCR (37). The
cells infected with either the US28A or allA virus yielded an in-
crease in extracellular viral genomes (Fig. 4A). It is important to
note that due to the lytic-like phenotype we observed for the vi-
ruses lacking US28, we restricted our analyses to a 5-day time
course as we noted an increase in cytopathic effect (CPE) of
US28A- and allA-infected Kasumi-3 cells at later times postinfec-
tion (data not shown) concomitant with virus production, as
shown in Fig. 4. Importantly, we were able to induce transcription
from the MIEP by culturing a portion of each group of infected
cells with TPA (Fig. 4B). These data confirm that both WT and
US28wt infections reactivate from viral latency. Furthermore, not
only is an increase in extracellular viral genomes detected in the
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FIG 3 US28 is expressed in hematopoietic progenitor cells during latent infection. To confirm US28 expression during latency, we infected Kasumi-3 cells or
primary CD34™" cells under conditions favoring a latent infection. Following 18 days in culture, each cell subset was cultured for an additional 2 days under
conditions favoring either latency, using Kasumi-3 cells without TPA (23) or CD34™ cells in human long-term culture medium (51), or lytic reactivation, using
Kasumi-3 cells with TPA (23) or CD34 ™ cells in reactivation medium (51). Cells were then harvested for RNA isolation, and the ratio of cDNA expression of US28
to UL123 was assessed by RT-qPCR in triplicate. Under latent conditions, the ratio of US28/UL123 is high, suggesting that US28 is expressed while UL123 is
repressed. However, the US28/UL123 ratio nears 1 upon reactivation as both of these genes are highly expressed during lytic replication. The latent transcript
UL138, the early lytic transcript UL44, the late lytic transcript UL99, and an additional HCMV GPCR, US27, are also shown as controls. *, P < 0.001. AU,

arbitrary units.
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FIG 4 US28 is important for a successful latent infection in Kasumi-3 cells. (A) Kasumi-3 cells were infected with each of the indicated viruses. For each infected
cell population, extracellular DNA was collected over a 5-day time course and quantified by qPCR using primers directed at UL123. Each sample was analyzed
in triplicate. ¥, P < 0.001 relative to the WT value at 5 days p.i. (B) Parallel cultures from the experiment shown in panel A were treated with TPA to induce lytic
transcription for an additional 2 days. Extracellular viral genomes were quantified as described for panel A. *, P < 0.001. (C) To confirm that the extracellular
virions produced in the experiment shown in panel A were infectious, the infected Kasumi-3 cell subsets were each cocultured with naive fibroblasts for 7 days.

Viral plaques (mCherry-positive) were visualized by fluorescence microscopy.

infected cells lacking US28, but these cells also produce infectious
virus capable of establishing a lytic infection within fibroblasts
(Fig. 4C) in a coculture assay, suggesting that viruses that lack
US28 favor a lytic rather than latent infection. Consistent with this
finding, the infected Kasumi-3 cells are positive for IE1 protein by
immunofluorescence (Fig. 5). Taken together, these data argue
that US28 is critical to ensuring either the establishment or the

IE1
: -

FIG 5 US28A- and allA-infected Kasumi-3 cells result in IE1-positive infected
cells. Kasumi-3 cells infected with each of the indicated viruses under latent
conditions as described in the legend of Fig. 4 were harvested for immunoflu-
orescence assay. Cells were stained with a monoclonal antibody directed at IE1
(clone 1B12) (56), shown in green. mCherry (red) is a marker of lytic infection;
DAPI (blue) is shown as a nuclear marker. Images were collected using a 40X
objective and depict representative fields for each infection.
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maintenance of viral latency during in vitro infection of Kasumi-3
cells.

US28 aids in promoting latency in primary CD34" HPCs.
We next asked if we could extend our findings to ex vivo-cultured
primary CD34" HPCs. To this end, we infected primary CD34 ™"
HPCs isolated from cord blood under conditions reported to pro-
mote latency (4, 5, 51) with each of the viruses described in the
legend of Fig. 1. After 5 days, we divided each infected culture such
that half of the cells remained under latent culture conditions,
whereas the remaining cells were cultured in reactivation me-
dium. Two days later, we harvested the cells and assessed IE RNA
expression by RT-qPCR for UL123 (37). The latent cultures in-
fected with the viral recombinants that lacked the US28 ORF (i.e.,
US28A and allA viruses) resulted in IE gene expression, indicative
of an active transcriptional profile (Fig. 6A), whereas the US28wt
viral infection resulted in suppressed IE gene expression that phe-
notypically resembled that of the WT (Fig. 6A). Importantly, all of
the infected cells that were subsequently cultured in reactivation
medium, which promotes the initiation of the lytic life cycle, dis-
played an increase in UL123 expression (Fig. 6B), confirming that
WT virus and the US28wt recombinant virus retain the capacity to
reactivate. Infections with viruses lacking US28 resulted in a fur-
ther increase in UL123 expression following reactivation, perhaps
due to the already high levels of UL123 under latent culture con-
ditions for both US28A and allA infections (Fig. 6B). Addition-
ally, the US28A- and allA-infected CD34™ HPCs also trans-
ferred infectious virus to fibroblasts when cocultured under
latent conditions, whereas the WT and US28wt latently in-
fected cells were unable to produce plaques in naive fibroblasts
(Fig. 6C). Together, these data suggest that US28 aids in pro-
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FIG 6 US28A- and allA-infected primary CD34 " HPCs fail to suppress MIEP-driven transcription. (A) Cord blood-derived CD34™" cells were infected with the
indicated viruses. Total RNA was isolated from each population at 5 days p.i., and IE gene expression was assessed by RT-qPCR with primers directed at UL123.
Samples were normalized to cellular GAPDH levels and analyzed in triplicate. *, P < 0.001 relative to the WT level. (B) Parallel cultures from the experiment
shown in panel A were treated with reactivation medium for an additional 2 days, and then RT-qPCR was performed as described for panel A. *, P < 0.001. (C)
Latently infected cells from the experiment shown in panel A were cocultured with naive fibroblasts for 7 days. Fibroblast-associated viral plaques (mCherry-

positive) were visualized by fluorescence microscopy.

moting a latent state without the assistance from the other
virus-encoded GPCRs.

US28 copurifies with mature virions and is expressed in Ka-
sumi-3 cells upon entry. Based on our findings that US28 is re-
quired for silencing MIEP-driven transcription, we hypothesized
that US28 is present in HPCs prior to IE transcription and thus is
included within the mature viral particle and delivered upon viral
entry into a cell. To test this hypothesis, we pretreated Kasumi-3
cells with cycloheximide in order to inhibit de novo translation of
viral proteins or left the cells untreated. We next infected these
cells with TB40/E-mCherry-US28-3XF, a recombinant virus that
includes a triple FLAG epitope tag on the C-terminal end of the
US28 ORF (54), and harvested the cell lysates at 4 hpi. We ob-
served US28 expression in Kasumi-3 cells, regardless of cyclohex-
imide treatment, suggesting that de novo translation is not re-
quired for US28 following Kasumi-3 cell infection (Fig. 7). This
finding also strengthens the hypothesis that US28 is incorporated
into mature viral particles. To this end, we infected primary fibro-
blasts (NuFF-1) and, when cultures reached 100% CPE, purified
extracellular virions by ultracentrifugation. When we assessed
these particles by immunoblotting for the US28 C-terminal FLAG
epitope, we found that US28 copurified with mature viral particles
(Fig. 7). Although cell-associated US28 is not glycosylated (61),
this viral GPCR is phosphorylated (64, 65), and we along with
others have previously shown that US28 migrates as broad poly-
peptide species (54, 61, 66), consistent with the results shown in
Fig. 7. Importantly, IE2, a non-virion-associated protein, and cel-
lular tubulin were not detected in this same preparation, while the
tegument protein pp65 was indeed present in the virion prepara-
tion as well as in the cell-associated preparations (Fig. 7). To-
gether, these findings argue that US28 is incorporated into the
mature viral particle and is expressed upon entry of Kasumi-3
cells.
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US28 provided in trans fails to rescue the US28A latency phe-
notype. To begin to understand how US28 contributes to a suc-
cessful latent infection, we asked if the presence of US28 in the
virion at the time of infection was sufficient. To this end, we UV
inactivated either WT or US28A virus (designated WT-UV or
US28A-UV, respectively). We then coinfected Kasumi-3 cells with
the following combinations of viral inocula: WT and WT-UV, WT
and US28A-UV, US28A and WT-UV, and US28A and US28A-
UV. We assessed both viral transcripts and the ability of the in-
fected Kasumi-3 cells to transmit virus to naive fibroblasts by co-
culture. We hypothesized that if virion-associated US28 aids in
establishing a latent infection, then coinfection of US28A with
WT-UV virus would phenotypically resemble a WT (i.e., latent)

Kasumi-3 4hpi
+CHX -CHX

M I M I F V 5
—-_

. —38

—31

IE2| 76
ppesmsz

tubuinf g e e [~52

FIG 7 US28 is present in extracellular virions and is brought into newly in-
fected Kasumi-3 cells. (A) Kasumi-3 cells were left untreated (—CHX) or
treated with cycloheximide (+CHX), mock infected (M) or infected with
US28-3XFLAG (I), and harvested at 4 hpi. Results for cell-free, purified
HCMV virions (V) and extracts from lytically infected fibroblasts (F) at 96 hpi
are also depicted. US28 was detected by probing immunoblots for the FLAG
epitope tag. The blot was reprobed with antibodies directed to IE2 (clone 3A9)
(58), pp65 (clone 8A8) (59), and cellular tubulin as a controls. Values at the
right of the blot are in kilodaltons.
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FIG 8 Virion-associated US28 fails to complement the US28A latency phenotype in Kasumi-3 cells. Kasumi-3 cells were coinfected with WT and WT-UV, WT
and US28A-UV, US28A and WT-UV, or US28A and US28A-UV, as indicated, at a multiplicity of infection of 1.0 PFU/cell each. Each coinfection was assessed
for its ability to produce infectious virus capable of infecting naive fibroblasts by coculture (top panels), as well as for UL123 transcription (bottom panels).
Fibroblast-associated plaques (mCherry-positive) were visualized by fluorescence microscopy. RT-qPCR was used to quantify UL123 transcripts relative to
cellular GAPDH transcripts. For both WT and US28A coinfections with US28A-UV, UL123/GAPDH values are shown relative to those of the coinfections with
WT-UV. All samples were analyzed in triplicate. Inoculum from each virus (left) was qualitatively assessed by immunofluorescence for IE1-positive nuclei using
amonoclonal antibody directed at IE1 (clone 1B12) (56) (C) or quantitatively assessed by TCIDs, assay (D). Samples for the experiment shown in panel D were
analyzed in triplicate. The dashed line represents the level of detection.
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infection. While infection with WT virus, regardless of the UV-
treated virus used for coinfection, resulted in a latent infection
(Fig. 8A), we found that virion-associated US28 provided by the
WT-UV inoculum was not sufficient to promote a latent infection
with US28A but displayed a phenotype similar to that of the com-
bination of US28A and US28A-UV infection (Fig. 8B). UL123
expression levels for WT-UV and US28A-UV coinfections with
the WT (Fig. 8A, bottom) or US28A (Fig. 8B, bottom) did not
differ. While the WT coinfections resulted in barely detectable
infection of naive fibroblasts (Fig. 8A, top), the US28A-coinfected
Kasumi-3 cells cocultured with naive fibroblasts resulted in the
formation of viral plaques (Fig. 8B, top). As controls to ensure that
the UV inactivation of each viral inoculum was successful, we
compared the input titers to the non-UV-treated input both qual-
itatively (Fig. 8C) and quantitatively (Fig. 8D). As expected, inoc-
ulum from the WT and US28A strains resulted in detectable IE1-
positive nuclei (Fig. 8C) and measurable titers by TCID5, assay
(Fig. 8D), while inoculum from the WT-UV and US28A-UV
strains was restricted for growth in each assay. Together, these
results suggest that while US28 is necessary for a successful latent
infection in both Kasumi-3 cells and CD34" HPCs, the presence
of US28 in the viral particle is not sufficient for HCMV to establish
a latent infection in Kasumi-3 cells.

DISCUSSION

Our work suggests that US28 expression during latency in HPCs
has biological functions. We have confirmed US28 transcription
in latently infected Kasumi-3 cells and primary CD34 " HPCs. The
absence of US28 expression in latently infected Kasumi-3 cells
results in a significant increase in extracellular virion production.
In infected ex vivo-cultured cord blood-derived CD34" HPCs,
US28 expression was critical to suppressing MIEP-driven tran-
scription under latent culture conditions. Furthermore, the ab-
sence of US28 expression during latent infection of either Ka-
sumi-3 cells or primary CD34" HPCs resulted in the transfer of
infectious virus to naive fibroblasts. Importantly, the phenotype
we observed in each cell type is US28 dependent as infection with
US28wt virus displayed results similar to those with WT virus,
and, thus, the other three virus-encoded GPCRs do not contribute
significantly to this phenotype. Finally, we found that US28 is
present in mature virions and is expressed upon entry into Ka-
sumi-3 cells. Together, our findings suggest that US28 functions
to aid in the establishment or maintenance of successful latent
infections in culture.

US28 is a multifunctional protein, and its functions during
lytic infection are well studied (61, 66, 67). This viral GPCR func-
tions as a potent signaling molecule. US28 binds a variety of li-
gands, including CCL5 (RANTES), CCL3 (MIP-1a), CCL4 (MIP-
1B), CCLI, and the only known CXCL1 chemokine, fractalkine
(reviewed in reference 48). Interaction of US28 with a ligand in-
duces cellular signaling that results in altering the host cell milieu.
US28-induced signaling is cell type dependent (54), suggesting
that this viral GPCR functions differently depending on the type of
cell in which the protein is expressed. HCMV infects a variety of
cell types in vivo, including fibroblasts, endothelial cells, epithelial
cells, hematopoietic cells (i.e., monocytes and macrophages), and
dendritic cells. At least two other HCMV-encoded GPCRs, US27
(53) and UL78 (55), display cell-type-specific functions. Addi-
tionally, deletion of the US28 ORF from the viral genome yields
reduced viral growth in epithelial cells, where viral spread is re-
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stricted to the cell-to-cell route (61). Together, these data argue
that the HCMV-encoded GPCRs have specific functions in cells of
various tissue origins and that US28 is no exception in this regard.
It is thus not surprising that US28 functions differently in HPCs,
which support HCMV latency, than it does in highly permissive
cells, such as fibroblasts, in which HCMV undergoes lytic replica-
tion. US28A infection of fibroblasts does not result in a significant
increase of viral growth (Fig. 2) (54), and thus during lytic infec-
tion of these cells, it is unlikely that US28 ensures transcriptional
suppression of the MIEP as it does in HPCs. It is attractive to
speculate that the cellular environment influences the biological
functions of US28.

Our finding that US28 copurifies with extracellular virions is
not surprising as several groups of investigators have suggested
that this protein is indeed incorporated into mature viral particles.
Pleskoff et al. speculated that US28 could be associated with the
lipid envelope of HCMYV, given i expression kinetics and topology
of US28 (68). Similarly, Kledal and colleagues also discussed the
possibility of US28’s inclusion in the viral envelope as they pro-
posed a mechanism by which US28 binds host proteins expressed
on the cell surface to aid in fusion, cell-to-cell spread, and dissem-
ination (69). Interestingly, Varnum et al. performed proteomic
analyses of HCMV viral particles and dense bodies, and although
these investigators detected US28 peptides in their virion prepa-
rations, the peptides they identified did not meet their predeter-
mined criteria for inclusion within the list of virion proteins (70).
This may be due to the preparatory methods, including the solu-
tions and temperature used to denature the virion proteins, or to
the mass spectrometry method itself, which detects the most
abundant proteins in a mixture. That recent studies have failed to
detect US28 in either fibroblast cell-associated (71) or virion (71,
72) preparations could be due to the strict stringency of the crite-
ria set for these investigations, thereby favoring the more abun-
dant proteins. For example, Buscher et al. characterized the 40
most abundant proteins in virions produced from several HCMV
strains. While this group of investigators did identify two other
HCMV GPCRs, US27 and UL33, both of these proteins were in
the less abundant half of the proteins identified (72). In our anal-
ysis, we have probed for US28 via its triple FLAG C-terminal
epitope tag, thus increasing the sensitivity for this protein. Itis also
not surprising to find that US28 copurifies with mature virions, as
US27 (53, 70, 73), UL33 (74), and UL78 (55) have been identified
as components of the viral particle.

How does US28 function to aid in a successful latent infection?
There are several possibilities. First, it is plausible that US28 in-
duces signaling events that act in frans to ensure suppression of
lytic genes. Alternatively, US28-induced signaling could alter the
host cell environment, for example, by aiding in the retention of
the progenitor-like phenotype of the latently infected cell. The
latter function is intriguing as viruses lacking US28 display phe-
notypes (e.g., cell adhesion and morphological changes) that re-
semble lytic replication following infection of differentiated HPCs
or lytic replication following reactivation. Thus, our future exper-
iments will be aimed at testing the cellular characteristics (e.g.,
progenitor cell markers versus differentiated cell markers) to dis-
cern the cellular changes that are induced upon infections with
viruses lacking the US28 ORF. Our data show a requirement for
US28 in latent infection. However, it is not clear if the role of US28
is to establish and/or maintain latency. Our finding that coinfec-
tion of UV-inactivated WT (WT-UV) virus with US28A failed to
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rescue the US28A phenotype suggests that incoming US28 and its
subsequent deposition into the infected cell are not sufficient to
establish a latent infection (Fig. 8). Thus, perhaps it is the expres-
sion of this gene throughout latency that aids in ensuring a suc-
cessful latent infection. This is an attractive hypothesis as US28
RNA is detected during latency in both the natural and tissue
culture settings (4-6, 32, 44, 45, 49). Pinpointing the exact phase
of latency for which US28 is required will prove critical for fully
understanding the role of this protein during HCMV latency and
reactivation. It is attractive to speculate that US28 may serve as an
ideal novel therapeutic. A majority of the drugs approved for use
by the FDA target cellular GPCRs. Thus, if we can better under-
stand how US28 functions during latency and reactivation, we
may be able to exploit this viral GPCR as a novel drug target, which
would represent a significant vertical advancement against a hu-
man pathogen that currently lacks a vaccine or a cure.
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