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ABSTRACT The establishment of human cytomegalovirus (HCMV) latency and persis-
tence relies on the successful infection of hematopoietic cells, which serve as sites of
viral persistence and contribute to viral spread. Here, using blocking antibodies and
pharmacological inhibitors, we document that HCMV activation of the epidermal
growth factor receptor (EGFR) and downstream phosphatidylinositol 3-kinase (PI3K)
mediates viral entry into CD34� human progenitor cells (HPCs), resulting in distinct
cellular trafficking and nuclear translocation of the virus compared to that in other
immune cells, such as we have documented in monocytes. We argue that the EGFR
allows HCMV to regulate the cellular functions of these replication-restricted cells via
its signaling activity following viral binding. In addition to regulating HCMV entry/
trafficking, EGFR signaling may also shape the early steps required for the successful
establishment of viral latency in CD34� cells, as pharmacological inhibition of EGFR
increases the transcription of lytic IE1/IE2 mRNA while curbing the expression of
latency-associated UL138 mRNA. EGFR signaling following infection of CD34� HPCs
may also contribute to changes in hematopoietic potential, as treatment with the
EGFR kinase (EGFRK) inhibitor AG1478 alters the expression of the cellular hemato-
poietic cytokine interleukin 12 (IL-12) in HCMV-infected cells but not in mock-
infected cells. These findings, along with our previous work with monocytes, suggest
that EGFR likely serves as an important determinant of HCMV tropism for select sub-
sets of hematopoietic cells. Moreover, our new data suggest that EGFR is a key re-
ceptor for efficient viral entry and that the ensuing signaling regulates important
early events required for successful infection of CD34� HPCs by HCMV.

IMPORTANCE HCMV establishes lifelong persistence within the majority of the hu-
man population without causing overt pathogenesis in healthy individuals. Despite
this, reactivation of HCMV from its latent reservoir in the bone marrow causes signif-
icant morbidity and mortality in immunologically compromised individuals, such as
bone marrow and solid organ transplant patients. Lifelong persistent infection has
also been linked with the development of various cardiovascular diseases in other-
wise healthy individuals. Current HCMV therapeutics target lytic replication, but not
the latent viral reservoir; thus, an understanding of the molecular basis for viral la-
tency and persistence is paramount to controlling or eliminating HCMV infection.
Here, we show that the viral signalosome activated by HCMV binding to its entry re-
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ceptor, EGFR, in CD34� HPCs initiates early events necessary for successful latent in-
fection of this cell type. EGFR and associated signaling players may therefore repre-
sent promising targets for mitigating HCMV persistence.
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Human cytomegalovirus (HCMV) establishes a persistent infection that remains for
the lifetime of its human host and is marked by periods of latency and reactivation

(1, 2). HCMV infection causes severe disease in immunocompromised patients, includ-
ing allogeneic hematopoietic stem cell transplant (HSCT) and solid organ transplant
(SOT) patients, and in congenitally infected neonates (1, 3–5). In the immunocompe-
tent, HCMV is associated with chronic inflammatory diseases and some tumors (4,
6–10). HCMV pathogenesis is due to infection of most host organs and the resulting
overt organ disease (1, 3, 11–13). During primary infection, HCMV spreads to peripheral
organ systems via a hematogenous route (13, 14). Following tissue dissemination,
multiple organ systems are infected, allowing spread and the establishment of persis-
tence in the bone marrow, where HCMV remains latent in cells of the myeloid lineage
(15), although the regulatory mechanisms involved in latency remain largely undefined.

Hematopoietic cells play an indispensable role in the persistence strategy of HCMV,
functioning as carrier cells for viral dissemination and serving as sources of viral latency.
Circulating blood monocytes play a key role in HCMV hematogenous dissemination
(16), and monocytes, as well as their predecessors, CD34� human progenitor cells
(HPCs) in the bone marrow, are crucial reservoirs for HCMV latency (17–19) that
contribute to viral pathogenesis. Reactivation of latent virus from these cells is a major
cause of morbidity and mortality in immunosuppressed individuals, such as HSCT and
SOT recipients and cancer patients undergoing immunosuppressive therapies (4).
Indeed, some 35% of SOT patients and 80% of allogeneic HSCT recipients develop
HCMV infection requiring antiviral therapy (5, 20). Common clinical manifestations of
HCMV infection in the transplant patient, termed CMV syndrome, are characterized by
evidence of HCMV viremia accompanied by either fever, myelosuppression (leukopenia
or thrombocytopenia), or hepatitis (5, 21, 22). In addition, HCMV has been implicated
in graft failure after HSCT, as determined by the presence of severe pancytopenia, bone
marrow hypoplasia, and detection of HCMV in the bone marrow (21, 23–25). HCMV-
associated leukopenia also puts patients at risk for life-threatening secondary bacterial
and fungal infections (26, 27).

Interestingly, although infection of monocytes and CD34� HPCs is central to the
viral persistence strategy, these cell types are highly restrictive of viral replication (16,
17, 28–34). This creates a considerable obstacle for HCMV to overcome in gaining
control of infected cells without the benefit of the de novo expressed viral gene
products that are known to regulate a variety of cellular functions in replication-
permissive cell types. A major focus of our laboratory has been defining the complex
mechanisms that HCMV has evolved to reprogram infected monocytes to serve as viral
carriers in the absence of viral gene expression (16, 30–32, 35–45). We have shown that
viral binding to and activation of the epidermal growth factor receptor (EGFR) (39) and
cellular integrins (42, 43) on the surfaces of monocytes induce a distinct cellular
signaling cascade resulting in functional and molecular changes that prime infected
monocytes for their role in viral dissemination (31, 37–39, 42, 43). Among these
functional changes is enhanced motility of HCMV-infected monocytes compared to
mock-infected monocytes or to those stimulated with alternative activating agents
(lipopolysaccharide [LPS] or phorbol 12-myristate 13-acetate [PMA]), leading to in-
creased transendothelial migration of infected cells into the surrounding organ tissues
(16, 30, 32, 44, 45). In addition, HCMV drives monocyte-to-macrophage differentiation
in infected cells (16, 38) to create a cell type capable of promoting viral gene expression
and replication. This differentiation process also results in distinct macrophage polar-
ization, likely serving to balance viral gene expression and replication with immune
evasion (31, 35). The HCMV signalosome created by activation of EGFR and integrins
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also promotes extended survival of infected monocytes, allowing HCMV to overcome
the biologically limited life span of monocytes (37) and to combat the antiviral
proapoptotic response to HCMV infection (46).

EGFR also modulates both viral replication and latency in CD34� HPCs by function-
ing as a molecular switch that controls the replicative state of HCMV (47). EGFR activity
favors the long-term maintenance of latency in CD34� HPCs, whereas inhibition of
EGFR signaling promotes reactivation and replication (47). Two opposing viral deter-
minants (UL138 and UL135, important for regulating latency and reactivation, respec-
tively) target EGFR with opposite effects on its endocytic trafficking and activity (47).
UL138, which promotes latent infection (48, 49), sequesters EGFR at the cell surface and
sustains its signaling activity (47). In contrast, UL135, which promotes reactivation and
replication, in part by overcoming UL138-mediated suppression (50), downregulates
EGFR cell surface levels and activity (47).

With this important role for continued EGFR signaling in the maintenance of latency
later during infection defined, we hypothesized that EGFR signaling is a critical deter-
minant of the early events of HCMV infection of CD34� HPCs and that it likely sets the
stage for a successful infection leading to viral persistence in these cells. Because
chronic EGFR signaling is required for the maintenance of latency in CD34� HPCs (47)
and because EGFR signaling is also required for early events, such as viral entry during
infection of monocytes (39), we next wanted to explore the role(s) EGFR plays in the
early steps of HCMV infection of CD34� HPCs, such as entry, viral trafficking, and the
nuclear translocation of the viral DNA. We hypothesized that EGFR may also dictate
HCMV tropism for CD34� HPCs and allow HCMV to control the critical cellular processes
in the cell type that promote infection and the establishment of latency.

Here, we show that EGFR on the surfaces of CD34� HPCs functions as an entry
receptor for HCMV infection of the cells. EGFR, as well as downstream phosphatidyl-
inositol 3-kinase (PI3K) signaling, is required for efficient HCMV entry in CD34� cells.
Following entry, HCMV DNA reaches the nuclei of CD34� HPCs by 8 h postinfection
(hpi), and this process requires EGFR kinase (EGFRK) activity, suggesting a role for
continued signaling in viral trafficking following entry. In addition, EGFR signaling plays
a role in the early steps in the establishment of latency in CD34� cells, as inhibition of
EGFR signaling leads to increased expression of the lytic IE1 and IE2 transcripts and
decreased expression of the latency-associated UL138 transcript. HCMV-induced EGFR
signaling also curbs the expression of the cellular interleukin 12 (IL-12) cytokine
transcript. IL-12 is an important regulator of hematopoiesis, and thus, EGFR-dependent
virus-induced regulation of this cellular factor may reflect a mechanism by which HCMV
infection also shapes the differentiation outcome of infected bone marrow and blood
cells to promote viral persistence. Overall, this study suggests that EGFR signaling
induced by viral binding and the ensuing activation shape key early events required for
successful infection of CD34� HPCs.

RESULTS
EGFR/PI3K signaling is required for HCMV entry into CD34� HPCs. To define

EGFR expression on the surfaces of isolated CD34� HPCs, we used immunofluorescent
antibodies to stain uninfected cells for EGFR. We observed clusters of EGFR on the cell
surface (Fig. 1A). To investigate a role for surface EGFR in entry, we next performed
HCMV entry assays (39, 42, 43) to test whether EGFR activation and downstream
signaling are required for viral attachment and/or entry into CD34� HPCs. We pre-
treated cells with control dimethyl sulfoxide (DMSO), AG1478 (an EGFRK inhibitor),
LY294002 (a PI3K inhibitor), blocking antibodies against EGFR, or control IgG antibodies
under conditions we previously defined in monocytes/macrophages (39, 42, 43), en-
dothelial cells (51), and fibroblasts (43). The cells were then infected with the recom-
binant virus TB40-UL32-HCMV/E, attached to slides using a cytospin, and visualized by
confocal microscopy to monitor the internalization of viral particles. Z stacks were
acquired for individual cells in each experimental cohort to render complete images of
the total cell area. The images shown in Fig. 1B represent a single focal plane captured
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either at the surface of the cell (Fig. 1B, top row) or within the intracellular space (Fig.
1B, bottom row). HCMV was detected by staining of the green fluorescent protein
(GFP)-fused UL32 protein. Viral particles (GFP�) were present on the surfaces (Fig. 1B,
top row) of CD34� cells treated with AG1478, LY294002, or anti-EGFR (�-EGFR) anti-
bodies, as well as on the 4°C binding control groups, while the DMSO-treated, TB40-
UL32-HCMV/E-infected groups internalized the virus (Fig. 1B, bottom row). The per-
centage of viral particles detected either on the surfaces of or inside the cells was
determined (an average of 5 cells per experimental arm) for two independent exper-
iments with different donors using Leica software (Fig. 1C). We saw that 80 to 100% of
viral particles detected in the HCMV-infected, DMSO-treated groups were internalized
(Fig. 1C). This number was reduced to �10% and �20% internalized in cells pretreated
with AG1478 or LY294002, respectively (Fig. 1C). Pretreatment with anti-EGFR antibod-
ies also reduced the percentage of internalized virus to �15% (Fig. 1C). Taken together,

FIG 1 EGFR is expressed on the surfaces of CD34� HPCs and is required for HCMV entry. (A) Uninfected
CD34� HPCs were stained with anti-EGFR antibodies and Alexa Fluor 594-conjugated secondary anti-
bodies to detect EGFR expression on the cell surface (red). DAPI was used to counterstain the nucleus
(blue). The contrast was adjusted in the differential interference contrast (DIC) image, and the cell
membrane is outlined white in the DIC and merged images. Both adjustments were made so that the
images could be more easily viewed. (B and C) Viral entry assays were performed in CD34� HPCs. Cells
were pretreated with AG1478 (AG) (EGFRK inhibitor), LY294002 (LY) (PI3K inhibitor), anti-EGFR blocking
antibodies (�-EGFR), or DMSO/IgG antibody controls before HCMV infection. (B) Cells were infected with
HCMV (TB40-UL32-HCMV/E) and stained with anti-EGFR antibodies and Alexa Fluor 594-conjugated
secondary antibodies to detect EGFR (red). UL32-GFP was stained with an anti-GFP Alexa Flour 488-
labeled antibody (green). DAPI was used to counterstain the nucleus (blue). Confocal microscopy was
used to visualize HCMV bound to the cell surface or internalized into target cells. Representative slices
from a Z stack are shown to compare the cell surface with intracellular space. (C) Quantification
comparing the percentages of HCMV virions on the surfaces of or internalized into target cells. An
average of 5 cells per experimental arm from two independent donors were used for counting. The
means and standard errors of the mean (SEM) (error bars) of the results of two independent experiments
performed.
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these data confirm that the presence of EGFR and its downstream EGFRK and PI3K
signaling are required for efficient HCMV entry into CD34� HPCs.

To further evaluate the signaling required for HCMV entry into CD34� HPCs, we
infected cells with Towne/E, an additional clinically relevant strain of the virus. Follow-
ing viral binding and entry, the cells were treated with proteinase K to remove bound
but uninternalized virus, and total DNA was isolated. We assessed internalization of
HCMV DNA by PCR using primers corresponding to the UL123 gene region of the HCMV
genome. Consistent with our results following infection with TB40-UL32-HCMV/E (Fig.
1B and C), we found that Towne/E-infected cells treated with control DMSO had higher
levels of internalized viral DNA than the 4°C binding-only controls for two independent
donors (Fig. 2A). Cells treated with AG1478 or LY294002 contained levels of viral DNA
similar to those seen in the 4°C controls (Fig. 2A). Similarly, cells treated with anti-EGFR
antibodies had lower levels of internalized viral DNA than IgG antibody-treated controls
(�50% decrease for both donors) (Fig. 2B). Although these data show similar trends
among the different donors, the reduction in viral entry was more striking in cells
pretreated with the signaling inhibitors versus those treated with EGFR-blocking anti-
bodies, highlighting the importance of downstream signaling to viral entry.

HCMV trafficking in CD34� HPCs is enhanced by EGFR signaling activated
during viral entry. We have recently shown that cell-type-specific differences in
signaling during the viral entry event give rise to distinct functional outcomes with
respect to viral trafficking in infected cells (52). To investigate delivery of the viral
genome to the nucleus in CD34� HPCs, we infected cells with TB40-UL32-HCMV/E and
stained them with anti-glycoprotein B (gB) and anti-GFP antibodies at 1 and 4 hpi,
consistent with the time points used for our entry assays (Fig. 1B and C and 2). Virus

FIG 2 EGFR/PI3K signaling is required for HCMV entry into CD34� HPCs. (A and B) Viral entry assays were
performed in CD34� HPCs, as previously described in monocytes and fibroblasts (39, 42, 43). Cells were
pretreated with AG1478 (EGFRK inhibitor), LY294002 (PI3K inhibitor), or DMSO solvent control (A) or
anti-EGFR blocking antibodies (�-EGFR) or IgG control antibodies (B) before HCMV infection. The cells
were infected with HCMV (low-passage-number Towne/E), and following proteinase K treatment, total
DNA was isolated to detect viral entry by qPCR amplification of viral DNA corresponding to the UL123
gene region of the genome. The experiment was repeated with two different donors. For all the graphs,
the levels of internalized HCMV DNA were normalized to the 4°C binding-only controls and to 18S rRNA
as an internal control. Nontemplate controls (NTC) are also shown.

EGFR Signaling Is Required for CD34� Cell Infection Journal of Virology

March 2017 Volume 91 Issue 5 e01206-16 jvi.asm.org 5

http://jvi.asm.org


particles (GFP�) and gB were visualized by confocal microscopy (Fig. 3A). Our data
show that the viruses were internalized as early as 1 hpi. Furthermore, gB (a marker for
the whole virus) colocalized with UL32 (a marker for the viral capsid) at 1 hpi, but not
at 4 hpi (Fig. 3A), suggesting that de-envelopment occurs within this time frame. We
wanted to test the possible involvement of EGFR signaling in virion trafficking in CD34�

HPCs. For this experiment, we treated cells with AG1478 at 30 min postinfection (mpi),
as entry assays (Fig. 1B and C and 2) showed that pretreatment completely blocks viral
entry. HCMV was able to enter the cells in the AG1478-treated groups by 1 hpi, similar
to the DMSO-treated groups, as the viral particles detected were resistant to proteinase
K treatment (Fig. 3A). However, at 1 hpi, we observed a distinct clustering of viral
particles near the cell surface in the AG1478-treated cells compared to a more dis-
persed pattern in the DMSO-treated groups (Fig. 3A). Similar clustering of viral particles
was seen during HCMV entry assays previously performed in monocytes following
treatment with AG1478 (39). These results could therefore represent a slight temporal

FIG 3 HCMV trafficking in CD34� HPCs is enhanced by EGFR signaling activated during viral entry. (A)
CD34� HPCs were infected with HCMV (TB40-UL32-HCMV/E) and treated with DMSO or AG1478 at 30
mpi. The cells were cytospun onto slides at 1 hpi and 4 hpi and then stained and visualized by confocal
microscopy. The cells were stained with anti-gB antibody (Ab) and Alexa Fluor 594-conjugated secondary
Ab to detect gB (red). UL32-GFP was stained with an anti-GFP Alexa Fluor 488-labeled antibody (green).
DAPI was used to counterstain the nucleus (blue). (B) Cells were infected with HCMV (low-passage-
number Towne/E) and stained with specific Alexa Fluor 488-labeled HCMV DNA probe (green) according
to the FISH protocol. DAPI was used to counterstain the nucleus (blue). (C) Stained cells (an average of
50 for each experimental group) were analyzed and quantitated to calculate the percentage of total viral
DNAs detected in the cytoplasm or nucleus. The means and SEM (error bars) of the results of two
independent experiments performed are shown.
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delay in the entry process resulting from inhibition of continuous EGFR signaling; virus
particles in these images could be grouped together in an incompletely formed
endocytic vesicle, for example. By 4 hpi, viral particles in both the DMSO-treated and
the AG1478-treated cells were distributed similarly, but there appeared to be more
colocalization between gB and UL32 in the AG1478-treated groups (Fig. 3A). These
findings suggest that there is a delay in viral de-envelopment in the AG1478-treated
groups when EGFR signaling is inhibited after initial activation following viral binding,
consistent with the delay suggested by our results at 1 hpi (Fig. 3A). Taken together,
these results suggest that EGFR signaling is involved in the endocytic trafficking of
HCMV, possibly by directing the trafficking of the virus through various endocytic
compartments and/or by simply enhancing the trafficking process so that it occurs in
a timely manner. Future studies will investigate in more detail the specific involvement
of EGFR signaling in the trafficking of HCMV to specific cellular compartments in CD34�

HPCs.
To further examine a potential role for EGFR in viral trafficking, we extended our

time course to include an 8-hpi time point and monitored nuclear translocation of the
viral DNA using fluorescence in situ hybridization (FISH) (Fig. 3B). These data show that
the majority of HCMV input DNA remained in the cytoplasm at 1 hpi and then began
to translocate into the nucleus at around 4 hpi. By 8 hpi, most of the viral DNA was
present in the nucleus (Fig. 3B and C). Notably, when EGFRK signaling was blocked with
AG1478 treatment beginning at 30 mpi to allow viral entry and entry-induced signaling,
but to block continued EGFRK activity, nuclear translocation of the viral DNA was
diminished and/or delayed (Fig. 3B and C). In the AG1478-treated experimental group,
only �40% of the total viral genomes entered the nucleus by 8 hpi compared to �80%
at 8 hpi in the DMSO-treated group (Fig. 3B and C). Taken together, these data suggest
that HCMV trafficking and nuclear translocation in CD34� HPCs is enhanced by EGFR
signaling events initiated during viral entry that continue during the early course of
infection.

HCMV-induced EGFR signaling favors latent over lytic viral gene expression in
CD34� HPCs. Because signaling and entry ultimately set the stage for the successful
infection of a target cell, we next determined how EGFR signaling during the entry
process might contribute to the initial steps in the establishment of latency in CD34�

HPCs. Although HCMV latency is characterized by a limited viral transcription program
(17, 28, 29), there is abundant evidence that the virus is able to manipulate a variety of
host cellular processes during the establishment of latency to optimize the latency
program or to prime cells for lytic reactivation (2, 53). For example, a limited number
of latency-associated viral gene products, in association with a panel of cellular
microRNAs (miRNAs), have been shown to alter viral replication and to activate cellular
signaling pathways to control cell survival, immune surveillance, and transcription of
cellular gene products (50, 54–63). Similarly, we have shown that HCMV usurps cellular
signaling pathways via EGFR and integrin activation during quiescent infection of
monocytes to promote viral dissemination and to prime infected cells for viral replica-
tion upon monocyte-to-macrophage differentiation (30–32, 37–39, 42, 43). We propose
that unique viral-entry-induced cellular signaling events would also influence the
establishment of latency in HPCs by directly controlling viral gene expression, in
addition to altering the nature of the infected cell. To determine whether EGFR
signaling affects viral gene expression programs in CD34� HPCs, we treated cells from
two independent donors with control DMSO or AG1478 at 4 hpi and examined the
steady-state mRNA levels of the lytic gene products IE1 (Fig. 4A) and IE2 (Fig. 4B), as well
as the latency gene product UL138 (Fig. 4C), at 24 hpi. Continued activation of EGFR
appears to alter the cellular environment during HCMV infection so that inhibiting EGFR
signaling after viral entry and nuclear translocation results in slightly higher levels of IE1
and IE2 steady-state mRNA (Fig. 4A and B) while lowering steady-state levels of the
latency-associated UL138 mRNA transcript (Fig. 4C). These findings are functionally
consistent with a defined role for EGFR in the maintenance of HCMV latency later
during the course of HCMV infection (47) and further demonstrate a role for EGFR
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activity in modulating very early events following infection that impact the transcrip-
tion program and may impact the establishment of latency. Increases in IE1 and IE2
expression alone in the presence of AG1478 are not sufficient to conclude that HCMV
infection of CD34� HPCs would become lytic in the absence of EGFR signaling.
However, inhibition of EGFR signaling in combination with myeloid differentiation
increases HCMV reactivation in CD34� HPCs (47). Taking the data together, we con-
clude that HCMV-induced EGFR signaling creates an infection environment that favors
latent over lytic transcription during early times following infection of CD34� HPCs.

To ask whether EGFR-dependent altered transcription of viral genes occurs in a
cell-type-specific manner among hematopoietic cells associated with HCMV latency, we
performed a similar experiment using primary monocytes, which are further along the
differentiation continuum. Monocytes undergo a period of quiescence during the first
2 weeks following HCMV infection (16). During this time, HCMV-induced signaling

FIG 4 HCMV-induced EGFR signaling favors latent over lytic viral gene expression in CD34� HPCs. (A to
C) CD34� HPCs were mock infected or HCMV infected for 4 h and then treated with control DMSO or
AG1478 (EGFRK inhibitor). RNA was isolated for RT-qPCR at 24 hpi, and expression of lytic IE1 mRNA (A)
and lytic IE2 mRNA (B) versus that of latency-associated UL138 mRNA (C) was examined for two
independent donors. The expression levels were normalized to 18S rRNA as an internal control. (A and
C) Reverse transcriptase negative (RT�) and nontemplate (NTC) controls are also shown.
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drives monocyte-to-macrophage differentiation of infected cells, resulting in a macro-
phage that is capable of supporting viral gene expression (16, 31). For this reason,
monocytes/macrophages provide an ideal model with which to compare the role of
EGFR signaling in viral transcription among cells representing a differentiation contin-
uum of hematopoietic cells (pluripotent CD34� HPCs versus more differentiated mono-
cytes/macrophages). Monocytes were mock infected or HCMV infected and then
treated with AG1478 beginning at either day 7, day 10, or day 14 (during the quiescent
phase of HCMV infection, when no de novo viral gene expression is seen [16, 37]). At 3
weeks postinfection (when monocyte-to-macrophage differentiation has occurred and
infected cells are permissive for viral gene expression [16]), total RNA was harvested
and steady-state mRNA levels of lytic IE1 were quantified by reverse transcriptase
quantitative PCR (RT-qPCR) (Fig. 5). Inhibition of EGFR reduced IE1 gene expression
when applied at day 7 or 10 but had no effect at day 14 relative to the DMSO control.
These findings suggest that continued EGFR signaling promotes IE1 gene expression in
monocytes. In contrast, continued EGFR signaling in CD34� HPCs promotes latent gene
expression (Fig. 4) and latency (47), supporting the notion that HCMV exploits cell-
type-specific differences in EGFR signaling to direct distinct cell-type-dependent infec-
tion outcomes.

HCMV infection alters the transcription of cellular hematopoietic factors, in
part via EGFR signaling. The finding that lytic reactivation of HCMV occurs upon
differentiation of an infected CD34� HPC into a mature myeloid cell (33, 64, 65) has led
to an intriguing hypothesis that HCMV may direct the differentiation of progenitor cells
to promote the viral persistence strategy. In further support of this notion, HCMV
infection of hematopoietic cells in the bone marrow has been shown to promote
hematopoietic dysregulation, an effect that could also be a potential mechanism by
which HCMV infection contributes to graft rejection in allogeneic HSCT patients (21,
66–68). Therefore, we next examined the effects of HCMV infection and of HCMV-
induced EGFR signaling in CD34� HPCs on the expression of cytokines known to play
a role in hematopoiesis. HPCs were infected with Towne/E for 4 h to allow viral entry,
appropriate trafficking, and partial nuclear translocation of the HCMV DNA and then
treated with control DMSO or with AG1478 (an EGFRK inhibitor). RNA from two
independent donors was isolated at 4 and 24 hpi, and RT-qPCR was performed. We
initially focused our examination on the expression of IL-12 and transforming growth
factor � (TGF-�) transcripts. IL-12, a T cell-stimulating factor involved in the differenti-
ation of naive T cells into Th1 cells, has been shown to promote hematopoiesis and
stem cell engraftment after ionizing radiation (69, 70). TGF-� is also involved in stem
cell differentiation and T cell regulation/differentiation and suppresses general hema-

FIG 5 HCMV-induced EGFR signaling enhances IE1 expression in primary monocytes. Isolated monocytes
were plated in 6-well dishes and mock infected or HCMV infected for 3 weeks. Beginning at 7, 10, or 14
dpi, control DMSO or AG1473 (EGFRK inhibitor) was added daily for the remainder of the infection period.
No changes in cell survival were seen when they were added at these time points. After 3 weeks, RNA
was isolated, and RT-qPCR was performed to determine expression of the IE1 viral transcript. The graph
is representative of three replicates using different blood donors; the means and SEM (error bars) of the
results of three independent experiments performed are shown. The expression levels of IE1 were
normalized to that of 18S rRNA as an internal control; RT� and nontemplate controls are shown.
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topoiesis (71). Our data indicate that both IL-12 and TGF-� are induced following HCMV
infection of CD34� HPCs (Fig. 6). IL-12 transcripts were increased in HCMV-infected cells
at both 4 and 24 hpi (�3-fold and �8-fold over mock infection in donors 1 and 2,
respectively) (Fig. 6A, top row). Inhibition of EGFR signaling beginning at 4 hpi
increased IL-12 expression by �15-fold (donor 1) and �18-fold (donor 2) over mock-
infected cells at 24 h (Fig. 6A, top row). Because AG1478 treatment of mock-infected
cells does not result in similar increases in IL-12 steady-state mRNA (Fig. 6A, bottom),
these data indicate that EGFR signaling suppresses HCMV-induced IL-12 transcription.
TGF-� was upregulated at later times in infection; its expression was higher at 24 hpi
than at 4 hpi in both donors (Fig. 6B). Inhibition of EGFR signaling after entry at 4 hpi
did not impact TGF-� levels in either donor (Fig. 6B), suggesting that the upregulation
of TGF-� occurs independently of EGFR signaling. To determine whether increased
expression of the IL-12 and TGF-� transcripts following infection results in higher levels
of protein, we examined IL-12 (Fig. 6C) and TGF-� (Fig. 6D) proteins by enzyme-linked
immunosorbent assay (ELISA) and a multiplexed bead-based cytokine immunoassay,
respectively. IL-12 protein increased from �10 pg/ml in mock-infected cells to �15
pg/ml in HCMV-infected cells. While inhibition of EGFR in uninfected cells did not alter
IL-12 protein levels, inhibition of EGFR in the context of infection resulted in a 2-fold
increase in IL-12 protein compared to infection alone (DMSO control) (Fig. 6C), consis-
tent with our IL-12 transcript data (Fig. 6A). Consistent with our TGF-� transcript data
(Fig. 6B), TGF-�1 protein increased slightly (from �8 pg/ml in mock-infected cells to
�11 pg/ml in HCMV-infected cells) following HCMV infection, and these levels were not
affected by the inhibition of EGFR (Fig. 6D). No changes were observed for TGF-�2 and
TGF-�3 during this time frame. Further studies will be needed to address the long-term
secretion of the factor. To further expand our analysis, multiplexed bead-based immu-
noassays were used to measure the expression of 40 additional human cytokines/
chemokines. Table 1 shows a summary of the findings from these experiments; we
limited our analysis to only those chemokines that are known to play a role in
hematopoiesis or in the regulation of hematopoietic cells and that had substantial
differences in secretion following HCMV infection or treatment with AG1478 (Table 1).
The data indicate that a number of hematopoietic chemokines are differentially ex-
pressed/secreted following HCMV infection (for example, CXCL1, CXCL5, IL-6, IL-8,
MCP-1, migration inhibition factor [MIF], and thymus-expressed chemokine [TECK] all
show enhanced secretion following infection [Table 1]) and that EGFR signaling plays
a role in shaping the secretomes (e.g., IL-12 [Fig. 6C], CXCL1, CXCL2, CXCL5, IL-8, and
TECK [Table 1]) of infected (and uninfected) CD34� HPCs. Taken together, the results of
these analyses demonstrate a global change in the expression of hematopoietic
proteins following HCMV infection and show that these changes are, in part, the result
of HCMV-induced EGFR signaling.

DISCUSSION

Hematopoietic cells play a crucial role in the HCMV infection cycle. Infection of
circulating monocytes and their CD34� progenitors leads to the establishment of viral
persistence both within an individual host and within the general human population.
Although infection of both cell types contributes to HCMV persistence, the functional
outcomes of infection differ between the two. We have previously shown that HCMV-
induced signaling through EGFR and cellular integrins results in functional and molec-
ular changes in the cellular environment that optimize HCMV infection of circulating
monocytes. These HCMV-induced changes promote hematogenous dissemination of
the virus to multiple host organ tissues by enhancing infected monocyte motility and
increasing transendothelial migration of infected cells (16, 30, 39, 42, 44). Upon
reaching peripheral organ sites, infected monocytes are induced to undergo monocyte-
to-macrophage differentiation to promote viral replication and spread within the host,
as well as to additional hosts (31, 38). In contrast, successful infection of CD34� HPCs
entails the establishment of latency so that viral replication is restricted and HCMV can
persist within the host while minimizing the antiviral immune response (15, 17, 68, 72,
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FIG 6 HMCV infection alters the transcription of cellular hematopoietic factors, in part via EGFR signaling.
(A and B) CD34� HPCs were mock infected or HCMV infected for 4 h to allow viral entry and trafficking
to the nucleus. (A, top row, and B) At 4 hpi, RNA was harvested from a single cohort of HCMV-infected
cells to identify a baseline level of cellular transcripts in infected cells (4 h). DMSO or AG1478 (EGFRK
inhibitor) was added to the other cohorts at 4 hpi, and RNA was isolated from the groups at 24 hpi (24 h
and AG). (A, bottom) DMSO or AG1478 was added at 4 hpi, and RNA was isolated at 24 hpi. RT-qPCR was
performed on all the samples to quantitate IL-12 (A) and TGF-� (B) transcripts. Expression levels for both
IL-12 and TGF-� were normalized to 18S rRNA as an internal control; RT� and nontemplate controls are
shown. (A, top row, and B) Fold changes in cellular transcripts examined in two different donors. (A,
bottom) Averages from three independent experiments with different donors (the means and SEM [error
bars] of the results of three independent experiments performed) are shown. (C and D) CD34� HPCs were
mock infected for 4 h before treatment with DMSO or AG1478. At 24 hpi, the supernatants were collected
for quantification of IL-12 by ELISA (C) and TGF-� by multiplexed bead-based immunoassay (D). The

(Continued on next page)
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73). Latently infected CD34� cells also serve as a reservoir for infectious virus that can
become reactivated upon differentiation into mature myeloid cell types (14, 19, 53, 72,
74). Recently, Buehler et al. defined a key role for chronic EGFR signaling in the
maintenance of HCMV latency in CD34� HPCs (47). In this study, we confirm and
expand on these findings to demonstrate a role for EGFR signaling during the early
steps of HCMV infection of CD34� cells. Modulation of EGFR upon virion entry tailors
many of the early events required for successful infection of this cell type.

The findings reported here are the first describing the early steps during HCMV
infection of CD34� HPCs. We have previously shown that the majority of transcriptional
changes induced by the HCMV signalosome in infected monocytes occur by 24 hpi,
although the altered transcriptome continues to produce functional changes for up to
2 weeks following infection (31). These findings highlight the importance of early
signaling in optimizing the cellular environment for HCMV infection. From the data
generated in this study, we constructed a model for the role of EGFR signaling following
viral binding to CD34� HPCs (Fig. 7). HCMV activation of EGFR mediates viral entry via
PI3K-dependent signaling. The entry process occurs within the first hour following
infection, with HCMV de-envelopment occurring between 1 and 4 hpi. HCMV DNA
begins its translocation into the nucleus at around 4 hpi (the process is completed by
8 hpi), where a latency-associated viral gene expression program is favored over lytic
transcription (IE1 and IE2 expression is decreased and UL138 expression is increased)
(48). HCMV infection also alters host cellular gene expression; IL-12 and TGF-�, two
regulators of hematopoiesis, are differentially expressed following HCMV infection.

In examining these early events that occur during HCMV infection of CD34� HPCs,
we have uncovered a number of exciting findings that point to an important role for
HCMV-induced EGFR signaling in optimizing HCMV infection of CD34� cells: (i) we
identified a role for EGFR/PI3K signaling in the HCMV entry process in CD34� cells, (ii)
we uncovered differences in HCMV-induced signaling downstream of EGFR that likely
result in distinct viral trafficking when infections of multiple cell types were compared,
(iii) we defined a role for HCMV-induced EGFR signaling in the early steps of the
establishment of latency in CD34� cells, and (iv) we showed that HCMV infection alters

TABLE 1 Chemokines known to be involved in hematopoiesis and showing meaningful differences in secretion following HCMV infection
or treatment with AG1478

Chemokine Hematopoietic function

Expression level (pg/ml) � SEMa Fold changeb

Mock Mock � AG HCMV HCMV � AG
Mock � DMSO vs.
HCMV � DMSO

HCMV � DMSO vs.
HCMV � AG

CXCL1/GRO� Neutrophil chemoattractant �LOD �LOD 8.7 � 5.0 17.2 � 1.5 � �2.0
CXCL2/GRO� Neutrophil chemoattractant 7.2 � 1.0 8.8 � 0.6 3.9 � 2.2 3.5 � 2.0 �0.5 �1.1
CXCL5 Granulocyte production 45.0 � 26.0 32.8 � 17.6 2.4E2 � 98.2 �LOD �5.4 �
IL-6 Neutrophil and B cell

production Antagonistic
to T cells

�LOD 0.03 � 0.0 58.0 � 3.9 54.2 � 3.0 � �0.9

IL-8 Leukocyte trafficking 10.8 � 1.8 3.0 � 0.9 6.7E2 � 1.6E2 2.6E2 � 34.3 �62.2 �2.6
MCP-1 Leukocyte trafficking �LOD �LOD 7.8 � 0.6 10.4 � 2.0 � �1.3
MIF Macrophage migration 1.1E3 � 2.2E2 9.5E2 � 2.2E2 5.2E3 � 3.7E2 4.5E3 � 3.2E2 �4.8 �1.2
TECK T cell development 4.4 � 1.3 6.2 � 1.5 11.5 � 0.9 19.8 � 1.6 �2.6 �1.7
aHCMV infection results in global expression changes of hematopoietic proteins, in part due to EGFR signaling. CD34� HPCs were mock infected or HCMV infected for
4 h and then treated with AG1478 (AG) or control DMSO. At 24 hpi, the supernatants were collected for analysis by multiplexed bead-based immunoassay. A select
group of chemokines known to be involved in hematopoiesis and showing meaningful differences in secretion following HCMV infection or treatment with AG1478
are shown. The expression levels are averages of the results of three different experiments � SEM. �LOD (limit of detection), sample was below the limit of
detection for the assay.

bFold changes in mean expression are shown as follows: mock infected plus DMSO versus HCMV infected plus DMSO and HCMV infected plus DMSO versus HCMV
infected plus AG1478. �, fold change was below the LOD. The three independent experiments were run as a technical replicate on a single array.

FIG 6 Legend (Continued)
graphs represent the average expression levels of IL-12 and TGF-� from three independent experiments
with different donors. The means and SEM (error bars) of the results of three independent experiments
performed are shown.
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the expression of numerous cellular cytokines important to hematopoiesis, in part via
EGFR signaling.

Buehler et al. demonstrated EGFR surface expression on CD34� cells using a
fluorescently conjugated EGFR ligand, EGF-647 (47). Epidermal growth factor (EGF) is
widely accepted as a ligand that binds exclusively to EGFR and can therefore serve as
a reliable indicator for EGFR surface expression (47). In this study, we confirmed and
expanded on these findings by demonstrating bona fide EGFR expression on the
surfaces of CD34� HPCs via direct immunofluorescent staining with an EGFR-specific
antibody (Fig. 1A). We have previously shown that EGFR is expressed on the surfaces of
circulating blood monocytes, but not on the surfaces of B cells or T cells (39). Because
circulating monocytes have been shown to carry HCMV DNA, whereas B cells and T cells
do not (75, 76), we suggest that EGFR may function as a determinant of HCMV tropism
that restricts infection of hematopoietic cells to those of the myeloid lineage. The
expression of EGFR on CD34� HPCs lends further support for this idea, and we propose
that EGFR could serve as a tropism determinant across the hematopoietic lineage from
the most pluripotent CD34� cells to fully committed mature myeloid cells (e.g.,
monocytes/macrophages and dendritic cells). It is important to note that EGFR is not
expressed on every cell type that HCMV infects. Other cellular receptors and/or core-
ceptors with signaling capabilities have also been shown to play a role in the HCMV
entry process (e.g., platelet-derived growth factor receptor alpha [PDGFR�] [77] and
cellular integrins [78–80]). Nonetheless, we believe that this and other studies demon-
strate an important role for EGFR in HCMV infection of a variety of cell types.

FIG 7 Model for early HCMV infection of CD34� HPCs. (Left) Various treatments used in this study to
investigate HCMV-induced EGFR signaling in CD34� HPCs. Pretreatment with anti-EGFR blocking antibodies
was used to block HCMV-EGFR engagement at the cell surface and any direct signaling downstream of that
specific engagement. Pretreatment with the signaling inhibitors AG1478 (EGFRK inhibitor) and LY294002
(PI3K inhibitor) was used to attenuate HCMV-induced molecular signaling associated with the viral binding
and entry events. AG1478 was also used at 30 mpi or at 4 hpi to attenuate EGFR signaling after viral entry
and trafficking commenced. (Right) Summary of our findings from this investigation. HCMV enters CD34�

HPCs via engagement of EGFR on the cell surface. The entry event is dependent upon both EGFRK and
downstream PI3K signaling. HCMV de-envelopment occurs within 1 and 4 hpi, with nuclear translocation
of the viral DNA occurring between 4 and 8 hpi. Both de-envelopment and delivery of HCMV DNA to the
nucleus are enhanced by EGFR signaling. Once in the nucleus, HCMV initiates the appropriate cell-type-
specific viral transcription program and also alters the transcription of the cellular genes that favor infection
of CD34� HPCs. EGFR signaling plays a role in shaping the induced viral and cellular transcriptional profiles
during the initial stages of infection.
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Although EGFR functions as an entry receptor for HCMV in multiple cell types,
including fibroblasts (81), monocytes (39), and CD34� HPCs (Fig. 1B and C and 2), there
appear to be differences in the signaling events that occur downstream following viral
binding and activation of EGFR. For example, we saw that HCMV entry into monocytes
occurs in an EGFR-dependent, PI3K-independent manner (39), whereas entry into
CD34� HPCs is the result of signaling through both EGFR and PI3K (Fig. 1B and C and
2). These findings are consistent with the idea that cell-type-specific differences in
virus-induced cellular signaling result in differential infection outcomes that vary
according to cell type. Because cellular signaling has been shown to play a role in the
entry processes of several viruses (82), it stands to reason that cell-type-specific
differences begin during the entry process itself. Although the specific mode of entry
has not yet been examined in CD34� cells, this certainly appears to be the case among
other, more commonly studied cell types. For example, HCMV entry is thought to occur
via pH-independent fusion in fibroblasts (83) or at the plasma membrane following
macropinocytosis (84) and via endocytosis/macropinocytosis in monocytes, endothelial
cells, and epithelial cells (42, 85, 86). These differences could be the result of differential
signaling in these cell types, as HCMV induces a bidirectional cross talk between the
EGFR and integrin signaling axes in fibroblasts (87) versus unidirectional signaling from
integrins to EGFR in monocytes (30). Consistent with this idea, our data showed that the
reduction in HCMV entry in CD34� HPCs resulting from inhibition of EGFR is more
striking in cells pretreated with the EGFR and PI3K signaling inhibitors (Fig. 2A) than in
those treated with EGFR-blocking antibodies (Fig. 2B). These data highlight the impor-
tance of signaling downstream of EGFR in the viral entry process, as the inhibitors
effectively abolish signaling, whereas the antibodies block only viral engagement of the
receptor and not the kinase activity of EGFR. As such, partial activation of signaling
players downstream of EGFR via cross talk with a cellular coreceptor, such as an integrin
(30, 78), may result in some level of viral internalization in cells treated with the
EGFR-blocking antibodies compared to those treated with signaling inhibitors. It is
possible that the differences seen between AG1478-treated groups and those treated
with EGFR-blocking antibodies are due to an off-target effect of AG1478 (88–91);
however, our previous studies using both AG1478 and gefitinib, which target EGFRK
differently, showed similar results for each inhibitor with respect to the maintenance of
HCMV latency later during infection (47), providing supporting evidence that EGFR
signaling, specifically, plays an important role in HCMV infection of CD34� HPCs.

Differences in the viral entry process appear to shape many of the downstream
events in the infectious cycle, a prime example being the intracellular trafficking and
nuclear translocation of an infecting virus. Consistent with this theme, we saw differ-
ences in the cellular trafficking of HCMV when various cell types were compared, most
notably in the temporal kinetics of viral de-envelopment and nuclear translocation of
the viral DNA. Viral de-envelopment is an essential step required in all cell types for
the nuclear translocation of viral DNA to occur; however, it appears to proceed
differently in CD34� HPCs than in other cell types. We show in this study that HCMV
de-envelopment occurs between 1 and 4 hpi in CD34� HPCs (Fig. 3A). In contrast,
de-envelopment occurs rapidly in fibroblasts during the initial fusion of the viral
envelope with the cellular membrane (83) or during a rapid macropinocytosis event
(84). De-envelopment occurs with similarly rapid kinetics in epithelial and endothelial
cells following fusion with an endocytic vesicle (86). In monocytes, a CD34� HPC
derivative, de-envelopment is delayed until �2 days postinfection (dpi) and occurs in
recycling endosomes (52). In addition, we saw that nuclear translocation of HCMV DNA
occurs within 30 min of infection in permissive fibroblasts and endothelial cells (52). In
monocytes, which are also part of the hematopoietic lineage and similarly nonpermis-
sive for viral replication, nuclear translocation is delayed until 3 days postinfection (52).
This is strikingly different from our findings in this study that nuclear translocation
occurs between 4 and 8 hpi in CD34� HPCs (Fig. 3B and C). We proposed in previous
studies that differences in nuclear translocation of the viral DNA were due to differ-
ences in virus-induced signaling and the requirements for cell-type-specific down-
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stream signaling components among the various cell types (52). This claim is supported
by our recent finding that infection of monocytes with a strain of HCMV lacking the
pentameric gH– gL–UL128-131 complex fails to traffic properly and that the viral DNA
fails to translocate to the nucleus (52). We believe this change is due to defective
signaling induced by the binding of �1 and �3 integrins to the gH-gL-gO trimeric
complex rather than to the gH– gL–UL122-131 pentameric complex (43, 52). Because
the integrin signaling axis amplifies EGFR signaling during HCMV infection of mono-
cytes (30), these results could also suggest some level of involvement for EGFR
signaling in HCMV trafficking in monocytes, as well. In this study, we show that EGFR
does, in fact, play a role in the cellular trafficking and nuclear translocation of the viral
DNA following HCMV infection of CD34� HPCs, as inhibition of EGFR signaling resulted
in diminished and/or delayed nuclear translocation of the infectious DNA (Fig. 3). Taken
together, these data suggest that HCMV utilizes an entry and/or nuclear translocation
pathway in CD34� HPCs different from those in other cell types, due in part to EGFR
signaling events initiated during viral entry.

In addition to effects directly downstream of entry, such as trafficking and nuclear
translocation of the viral DNA, we also examined some of the early changes in the
cellular environment that may be controlled by HCMV-induced EGFR signaling. HCMV
is a master of controlling the cellular environment during infection to promote proviral
outcomes (32, 92, 93). We suggest that different environmental conditions lead to
different inflection outcomes and that EGFR, which casts a wide net of regulation over
cellular processes, is a central candidate for HCMV to exploit for this purpose. When
HCMV infection of CD34� HPCs was compared to infection of monocytes, the ideal
functional outcome of infection varied for each cell type. For example, the most
favorable infection outcome for the virus in CD34� cells appears to be the establish-
ment of latency with limited viral gene expression so that the virus can maintain a
persistent infection while successfully evading the host immune system (15, 17, 68, 72,
73). In contrast, successful infection of monocytes entails viral dissemination to periph-
eral organs and the transition of the infected cell into a replication-permissive macro-
phage that can serve as a platform for viral replication and spread in the host organ
tissues (16, 30, 31, 65, 94–97). A role for EGFR signaling in the maintenance of HCMV
latency (47) led us to examine the role of EGFR signaling in the early steps during
establishment of latency. In this study, we saw that EGFR signaling promotes early
required steps in the establishment of latency in CD34� HPCs by curbing the expres-
sion of the lytic transcripts IE1 (Fig. 4A) and IE2 (Fig. 4B) while increasing the expression
of the latency-associated UL138 transcript (Fig. 4C). In monocytes, EGFR signaling
enhances IE1 lytic viral transcription (Fig. 5), perhaps to prime these cells for viral
replication once monocyte-to-macrophage differentiation has occurred. Furthermore,
these data indicate that lytic viral gene expression increases as cells mature along the
myeloid continuum, at least in part due to continued EGFR signaling following viral
binding (Fig. 4 and 5). This finding is consistent with previous reports that lytic
reactivation of HCMV is synchronous with differentiation into mature myeloid cells
(dendritic cells and macrophages) (33, 64, 65). In fact, we have shown that HCMV
infection of blood monocytes drives monocyte-to-macrophage differentiation and that
these infected macrophages ultimately become productive for the original input virus
(16, 31, 35, 36, 38). This process is likely manipulated by the virus in order to optimize
the environment of infected monocytes/macrophages to support viral gene expression
and replication. Taken together, these data suggest an important role for EGFR signal-
ing in determining the cell-type-specific outcomes of HCMV infection and in regulating
states of latency and replication in the infected cell.

In addition to examining the effects of EGFR signaling on viral gene expression, we
also explored how EGFR affects the expression of cellular genes that shape the infection
environment. In particular, we looked at the transcription of cellular factors associated
with hematopoiesis, as they may play a role in a potential viral strategy designed to
control the differentiation outcome of infected CD34� HPCs. We report here that
although HCMV infection induces transcriptional upregulation of both IL-12 (Fig. 6A)
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and TGF-� (Fig. 6B), HCMV-induced EGFR signaling quells this effect in regard to IL-12
(Fig. 6A). The idea that HCMV-induced EGFR signaling dampens the upregulation of
IL-12 that occurs following HCMV infection may initially seem counterintuitive. It could
be, however, that lower levels of IL-12 exert a proviral effect, as other proinflammatory
players have been shown to do (31), and that HCMV-induced signaling functions to
optimize its expression level for the benefit of the virus. Interestingly, because IL-12 is
known to promote hematopoiesis and stem cell engraftment after ionizing radiation,
the EGFR-dependent control of its expression could be among the functional mecha-
nisms that lead to graft rejection in HCMV-infected transplant patients. Taken together,
our data indicate that HCMV infection results in the EGFR-independent upregulation of
the hematopoietic suppressor TGF-�, while virus-induced signaling through EGFR limits
the expression of proinflammatory IL-12 (Fig. 6). Furthermore, we showed that HCMV
infection alters the expression of a number of cytokines and chemokines (CXCL1,
CXCL2, CXCL5, IL-6, IL-8, MCP-1, MIF, and TECK) known to shape the hematopoietic
process (Table 1). This altered pattern of cytokine expression could reflect a viral
objective for infection of HPCs that exists in two parts: (i) to bias differentiation toward
a cell type that promotes viral dissemination and persistence and (ii) to attenuate the
antiviral immune response by reducing the production or altering the function of
lymphoid cells. Some of the secretory changes we observed are consistent with a viral
strategy to bias hematopoietic differentiation (e.g., increases in CXCL5, which is in-
volved in granulocyte production, and IL-6, which enhances the production of neutro-
phils and B cells). Others seem to support the notion that HCMV changes the chemo-
kine expression profile to alter the immune response. Among them, we noted that
EGFR signaling seems to attenuate the HCMV-induced expression of CXCL2/GRO-�, a
neutrophil chemoattractant. We also observed increases in secretion of MCP-1 and IL-8
(two cytokines that function in leukocyte trafficking), as well as HCMV-induced in-
creases in TECK and IL-6 (cytokines that affect T cell development and function). The
expression profiles of these cytokines following HCMV infection could reflect a strategy
by which HCMV alters both the innate and adaptive immune responses in the infected
host. In further support, secretome analysis of latently infected CD34� cells identified
changes in multiple proteins known to be involved in regulating the immune response
(62). In the study by Mason et al., CCL8 expression was increased, resulting in recruit-
ment of CD4� T cells; however, other latency-associated changes inhibited the cyto-
toxicity of HCMV-specific T cells and their secretion of cytokines, such as gamma
interferon (IFN-�), tumor necrosis factor alpha (TNF-�), and TNF-� (62). Consistent with
our data, this study also identified an increase in TGF-� secretion from both infected
and bystander CD34� cells, as well as an increase in the secretion of IL-10, a cytokine
that suppresses T cell proliferation and effector function (62). Mason et al. reported that
neutralization of IL-10 and TGF-� resulted in complete recovery of cytotoxic effector
function (62), further supporting the idea that HCMV alters the expression of hemato-
poietic factors, at least in part, to attenuate the antiviral immune response.

This study, compared to previously published studies using our primary monocyte
system, suggests that EGFR signaling is required for viral entry and contributes to a
variety of infectious processes in multiple cell types, most notably controlling the
establishment of persistence, a hallmark event that occurs from bone marrow to blood
in a range of hematopoietic cell types. Importantly, there appear to be differences in
the various cell types infected, both in downstream signaling events and in functional
outcomes, a fact that may reflect the requirement for different persistence goals
(CD34� HPCs for long-term persistence within the host versus monocytes/tissue mac-
rophages for viral dissemination, replication, and shedding). Taken together, these data
reveal that although there are some similarities in the requirement for EGFR signaling
in different cell types, there are also dramatic differences downstream in the outcomes
of infection. Defining these cell-type-specific differences may therefore be a key aspect
of understanding the viral persistence strategy and developing therapeutic interven-
tions to combat viral reactivation in immunocompromised patients.
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MATERIALS AND METHODS
Virus preparation. HCMV (strains Towne/E [passages 38 to 41] [98] and TB40-UL32-HCMV/E [99]) was

cultured in human embryonic lung fibroblasts in Dulbecco’s modified Eagle medium (DMEM) with 4%
fetal bovine serum (FBS) (Mediatech, Inc., Manassas, VA) (16, 31, 35–46, 51, 100–102). The supernatants
were collected, and virus was purified through a 0.5 M sucrose gradient and then resuspended in Roswell
Park Memorial Institute (RPMI) 1640 medium (Mediatech, Inc.) (16, 31, 35–46, 51, 100–102). Cells were
infected at a multiplicity of infection (MOI) of 10 unless otherwise specified. Mock infection of cells was
achieved using equivalent volumes of virus-free RPMI 1640. TB40-UL32-HCMV/E is a recombinant virus
expressing enhanced green fluorescent protein (EGFP) fused to the C terminus of the capsid-associated
tegument protein pUL32 (pp150) (43, 52, 99, 100). Because GFP is incorporated into a structural protein,
viral particles can be tracked within the cell with no requirement for viral gene expression.

CD34� HPC isolation. CD34� HPCs were isolated from human cord blood using a CD34 MicroBead
kit (magnetically activated cell sorting [MACS] kit; Miltenyi Biotec, San Diego, CA), yielding 80 to 85% pure
CD34� cells as determined by flow cytometry with phycoerythrin (PE)-conjugated mouse anti-CD34�

antibody (BD Biosciences, Franklin Lakes, NJ). The isolated cells were resuspended in DMSO and stored
in liquid nitrogen prior to infection. Infected cells were cultured at 37°C and 5% CO2 in hematopoietic
infection medium (Iscove’s modified Dulbecco’s medium [IMDM] (Mediatech, Inc.) supplemented
with 10% BIT 9500 serum substitute (StemCell Technologies, Vancouver, BC, Canada), 50 �M
2-mercaptoethanol, 2 nM L-glutamine, 20 ng/ml human low-density lipoprotein (Sigma-Aldrich Co., St.
Louis, MO), and penicillin-streptomycin (pen-strep). The procedure was approved by the Institutional
Review Board for the Protection of Human Research Subjects at the University of Arizona Medical Center.
All specimens were deidentified to maintain donor anonymity.

Human peripheral blood monocyte isolation. Primary human monocytes were collected from
healthy donors by venipuncture, as previously described. Briefly, 240 ml of whole blood was centrifuged
through a Ficoll Histopaque 1077 gradient (Sigma-Aldrich Co.) at 200 � g for 30 min; then, the leukocyte
fraction was collected and washed in saline to remove platelets. Cells were layered over a 45% and 52.5%
isosmotic Percoll (GE Healthcare Life Sciences, Pittsburgh, PA) gradient and centrifuged at 400 � g,
yielding �95% pure, unactivated monocytes with �95% survival by trypan blue exclusion. Isolated
monocytes were resuspended in RPMI 1640 medium (Mediatech, Inc.) supplemented with 10% human
serum (Sigma-Aldrich Co.) and cultured on fibronectin-coated 6-well plates at 37°C and 5% CO2. The
procedure was approved by the Institutional Review Board for the Protection of Human Research
Subjects at Louisiana State University Health Sciences Center—Shreveport and followed all the guide-
lines outlined by the Health Insurance Portability and Accountability Act.

Immunofluorescence. HPCs were cytospun onto slides and fixed with 4% paraformaldehyde
(Thermo Fisher Scientific, Waltham, MA). The cells were permeabilized with 0.1% Triton X-100 and
blocked with 5% goat serum (Zymed Laboratories, San Francisco, CA). To detect EGFR on the surfaces of
HPCs and the viral gB, the fixed cells were stained with primary anti-EGFR (Calbiochem, San Diego, CA)
and anti-gB (Santa Cruz Biotechnology, Dallas, TX) antibodies, respectively, followed by incubation with
a secondary Alexa Fluor 594-conjugated antibody (Life Technologies, Carlsbad, CA). An anti-GFP-Alexa
Fluor 488 antibody (Life Technologies) was added to enhance detection of TB40-UL32-HCMV/E. The
slides were mounted in Slow Fade Gold with DAPI (4=,6-diamidino-2-phenylindole) (Life Technologies),
and images were captured using a Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar,
Germany). Two methods were used to analyze the images via confocal microscopy. First, Z stacks were
generated by the confocal microscope to quantitate the number of viral particles on the surfaces of or
inside the cells (examples are shown in Fig. 1B and C). Second, line profiling was used with the Leica
Application Suite Advanced Fluorescent (LAS AF) software (version 2.6.3) to confirm colocalization
between gB and the viral capsid/UL32 (an example is shown in Fig. 2A).

Entry assays. HCMV entry assays were performed as previously described in monocytes and
fibroblasts (39, 42, 43). Briefly, CD34� HPCs were treated with 20 �M AG1478 (EGFRK inhibitor), 20 �M
LY294002 (PI3K inhibitor), control DMSO, 10 �g/ml anti-EGFR blocking antibodies, or 10 �g/ml IgG
control antibodies at 37°C and 5% CO2 for 1 h prior to infection. The cells were cooled to 4°C for 1 h and
then HCMV infected (MOI 	 10) for 1 h to allow viral binding but not entry. The cells were then
temperature shifted to 37°C (except for 4°C binding controls) for 4 h to allow viral entry. The cells were
washed in phosphate-buffered saline (PBS) to remove unbound virus and then prepared for analysis.
TB40-UL32-HCMV/E-infected cells were mounted on slides for microscopy. Towne/E-infected cells were
treated with 2 mg/ml proteinase K (Promega, Madison, WI) in hematopoietic infection medium for 1 h
at 4°C to remove virus bound to the cell surface before isolating DNA.

qPCR and RT-qPCR. Total DNA (qPCR) or RNA (RT-qPCR) was isolated from CD34� HPCs or
monocytes/macrophages following treatment, infection, and/or the experimental procedures described.
DNA was harvested with DNA STAT-60 (Tel-Test, Inc., Friendswood, TX), and qPCR was performed to
detect viral entry by amplification of viral DNA corresponding to the UL123 gene region of the genome
(primers: sense, 5=-CATGCAGGTGAACAACAAGG-3=; antisense, 5=-TGACGCCTTCGTTACAAGC-3=). RNA was
harvested with RNA STAT-60 (Tel-Test, Inc.) and made into cDNA. RT-qPCR was performed using primers
specific for IE1 (sense, 5=-AGTGACCGAGGATTGCAACG-3=; antisense, 5=-CCTTGATTCTATGCCGCACC-3=),
IE2 (sense, 5=-TCCTCCTGCAGTTCGGCTTC-3=; antisense, 5=-TTTCATGATATTGCGCACCT-3=), UL138 (sense,
5=-TGCGCATGTTTCTGAGCTAC-3=; antisense, 5=-ACGGGTTTCAACAGATCGAC-3=, IL-12 (sense, 5=-ATGATG
GCCCTGTGCCTTAGTAGT-3=; antisense, 5=-AGGGCCTGCATCAGCTCATCAATA-3=), and TGF-� (sense, 5=-
ACACACTGCAAGTGGACATCAACG-3=; antisense, 5=-TCTTCTCCGTGGAGCTGAAGCAAT-3=) and 18S rRNA
(sense, 5=-CGAGCCGCCTGGATACC-3=; antisense, 5=-CAGTTCCGAAAACCAACAAAATAG-3=) as an internal
control.
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FISH. Alexa Fluor 488-labeled DNA probes were synthesized using a FISH Tag DNA Green kit
(Invitrogen, Carlsbad, CA), according to the manufacturer’s protocol. The whole HCMV Towne/E genome
was used to synthesize the fluorescent probes (43). HPCs were infected with Towne/E (MOI 	 10) and
incubated at 37°C until each time point (1 hpi, 4 hpi, and 8 hpi). The cells were cytospun onto slides and
fixed with 4% paraformaldehyde (Thermo Fisher Scientific). The fixed cells were stained with the Alexa
Fluor 488-labeled DNA probes, as described previously (43). In brief, samples were dried and fixed with
methanol (VWR International, Radnor, PA)-acetic acid (VWR International) (3:1) and then dehydrated with
70%, 85%, and 100% ethanol. Next, DNA in the cells was denatured with 70% formamide (Thermo Fisher
Scientific) at 65°C, and the cells were dehydrated with 70%, 80%, and 95% ethanol. DNA probe was
added, and the temperature was gradually decreased to 37°C to allow hybridization. The cells were
washed with 50% formamide and mounted using Slow Fade Gold with DAPI (Life Technologies). Images
were taken using a Leica TCS SP5 confocal microscope. Images were taken in the centers of cells along
the z axis to identify viral particles in the cytoplasm or in the nucleus. For quantification, viral particles
in the cytoplasm or in the nucleus were counted at an average of 50 cells per experimental group. The
data are shown as percentages of the total number of detected virions in either the cytoplasm or the
nucleus.

IL-12 ELISA. CD34� HPCs were mock infected or HCMV infected for 4 h before adding AG1478
(EGFRK inhibitor) or DMSO solvent control. The cells were incubated at 37°C and 5% CO2, and the
supernatants were collected at 24 hpi for analysis by ELISA using a human IL-12 p70 Quantikine ELISA
kit (R&D Systems, Minneapolis, MN) according to the manufacturer’s protocol.

Multiplexed bead-based cytokine immunoassays. CD34� HPCs were mock infected or HCMV
infected for 4 h before treatment with AG1478 (EGFRK inhibitor) or DMSO. After 24 h at 37°C and 5% CO2,
the supernatants were collected and frozen at �20°C prior to analysis. Undiluted supernatants were
analyzed to quantify the protein levels of TGF-� using a Bio-Plex Pro TGF-� immunoassay (Bio-Rad
Laboratories, Hercules, CA) and a panel of 40 human chemokines using a Bio-Plex Pro human chemokine
immunoassay (Bio-Rad) according to the manufacturer’s protocol.
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