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ABSTRACT Human cytomegalovirus (HCMV) manipulates cellular processes associ-
ated with secretory pathways within an infected cell to facilitate efficient viral repli-
cation. However, little is known about how HCMV infection alters the surrounding
cellular environment to promote virus spread to uninfected cells. Extracellular vesi-
cles (EVs) are key signaling molecules that are commonly altered in numerous dis-
ease states. Previous reports have shown that viruses commonly alter EVs, which can
significantly impact infection. This study finds that HCMV modulates EV biogenesis
machinery through upregulation of the endosomal sorting complex required for
transport (ESCRT) proteins. This regulation appears to increase the activity of EV bio-
genesis, since HCMV-infected fibroblasts have increased vesicle release and altered
vesicle size compared to EVs from uninfected cells. EVs generated through ESCRT-
independent pathways are also beneficial to virus spread in fibroblasts, as treatment
with the EV inhibitor GW4869 slowed the efficiency of HCMV spread. Importantly,
the transfer of EVs purified from HCMV-infected cells enhanced virus spread. This
suggests that HCMV modulates the EV pathway to transfer proviral signals to unin-
fected cells that prime the cellular environment for incoming infection and enhance
the efficiency of virus spread.

IMPORTANCE Human cytomegalovirus (HCMV) is a herpesvirus that leads to serious
health consequences in neonatal or immunocompromised patients. Clinical manage-
ment of infection in these at-risk groups remains a serious concern even with ap-
proved antiviral therapies available. It is necessary to increase our understanding of
the cellular changes that occur during infection and their importance to virus
spread. This may help to identify new targets during infection that will lead to the
development of novel treatment strategies. Extracellular vesicles (EVs) represent an
important method of intercellular communication in the human host. This study
finds that HCMV manipulates this pathway to increase the efficiency of virus spread
to uninfected cells. This finding defines a new layer of host manipulation induced by
HCMV infection that leads to enhanced virus spread.
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Human cytomegalovirus (HCMV) is a leading cause of congenital viral infection,
which can result in numerous complications for the developing fetus and new-

born. Infection of immunocompromised individuals is also a significant source of
disease, particularly in solid organ and hematopoietic cell transplant recipients, where
virus infection is commonly detected in patients (1–3). There is a need to understand
the molecular mechanisms of infection to provide new therapeutic targets to combat
antiviral resistance and toxicity associated with the currently approved therapies.

HCMV expresses over 200 proteins and noncoding RNAs from a large DNA genome
(4, 5). This allows extensive modulation of the host to facilitate efficient replication and
spread of the virus. The temporal expression of viral factors during infection supports
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the various stages of a prolonged replication cycle. Most studies have focused on how
this regulation impacts viral replication within the infected cell. However, whether
HCMV alters intercellular communication between infected and surrounding unin-
fected cells is less understood. HCMV causes a dramatic reorganization of cellular
membranes and organelles associated with the secretory system during the formation
of the cytoplasmic viral assembly compartment (cVAC), which results in altered vesicle
trafficking (6–8). Viral microRNAs (miRNAs) also regulate proteins associated with
secretory pathways in the cell (9). Manipulation of these pathways inevitably changes
the viral and host factors that are transferred to surrounding uninfected cells. This could
lead to the regulation of key pathways known to be important during HCMV infection
such as metabolic activity, apoptosis, immune signaling, and cell cycle regulation.
Regulation of these pathways in uninfected cells could have important implications for
virus infection and spread, but the relevance to HCMV infection is largely unknown.

Cells release signaling molecules inside membrane-enclosed compartments termed
extracellular vesicles (EVs) that transfer proteins and nucleic acids to recipient cells. This
signaling mechanism is commonly modified during viral infection. Modulation of the
content loaded into EVs during viral infection determines whether these signaling
vesicles contribute to host defense or create an advantageous environment for the
virus. The transfer of EVs from infected cells can activate innate antiviral activity in
uninfected cells to inhibit the spread of the virus (10). Alternatively, the incorporation
of viral genomes or viral proteins into EVs can enhance infection by preventing the
antiviral response or through the escape from neutralizing antibody (11–14). Herpes-
viruses are also known to modulate this signaling pathway, as cells infected with herpes
simplex virus 1 (HSV-1) release EVs that inhibit the spread of the virus (15–17).
Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) both
package viral miRNAs into EVs that contribute to the tumor microenvironment and also
may enhance virus spread (18–21). HCMV also incorporates viral proteins into EVs,
which may contribute to the transfer of viral antigen to recipient cells (22, 23). However,
the EV contribution to HCMV infection has not been determined. EV biogenesis and
release can occur through multiple cellular pathways. One such pathway involves the
membrane scission proteins associated with the endosomal sorting complex required
for transport (ESCRT) machinery. We and others have reported that ESCRT-III and VPS4
are important for efficient spread of HCMV (24, 25). Since HCMV reorganizes vesicle
trafficking within infected cells and the ESCRTs play a role in infection, we hypothesized
that HCMV modulates EVs to enhance virus spread.

In this study, we find that HCMV requires EVs for efficient spread. Inhibition of EV
production slowed the spread of HCMV through a monolayer, which was rescued by
addition of purified EVs. Furthermore, HCMV spread was enhanced with addition of EVs
purified from infected fibroblasts. We found that infected fibroblasts produce more
EVs, which correlates with an increase in the expression of EV biogenesis machinery.
EVs produced during infection are morphologically unaltered but trend to smaller size
and contain viral cargo. The functions of the viral components found in EVs are
consistent with a role in preparing uninfected cells for the oncoming infection. These
results uncover a mechanism by which HCMV modulates a common biological pathway
to enhance viral infection.

(This research was conducted by Nicholas T. Streck in partial fulfillment of the
requirements for a PhD from The Pennsylvania State University College of Medicine,
Hershey, PA, 2020 [26].)

RESULTS
HCMV regulates expression of EV biogenesis machinery. We previously found

that inhibition of the ESCRT proteins hindered the spread of HCMV (24, 25). The ESCRT
proteins promote membrane scission during multivesicular body (MVB) formation and
represent one pathway for the formation of vesicles that can be released as EVs (27). It
is known that inhibition of ESCRT activity through expression of dominant negative
ESCRT subunits or RNA interference (RNAi) reduces the number of EVs released from
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the cell (28–30). Conversely, expression levels of ESCRT proteins are positively corre-
lated with increased vesicle release (31).

Since ESCRT-III is associated with the scission-promoting function of these com-
plexes, we analyzed expression levels of subunits from this complex during infection of
human dermal fibroblasts (HDFs). Interestingly, we found that protein levels of ESCRT-III
subunits were increased throughout infection (Fig. 1A). Transcript levels of the ESCRT-III
subunits tested were also increased, indicating that the increase in protein is at least
partially due to increased mRNA within infected HDFs (Fig. 1B). We hypothesized that
the increase in ESCRT-III protein levels could lead to an increase in EV production. To
test this, we analyzed the intracellular expression levels of common EV surface markers,
the tetraspanins CD63 and CD81. We found that intracellular levels of both EV markers
were decreased during infection (Fig. 1C). The decrease in intracellular levels of EV
surface markers does not appear to be due to changes in transcript levels, as these
appear to remain relatively constant throughout infection (Fig. 1D). The decrease in
intracellular EV markers could be explained by an increase in the release of EVs from the
cell or an increase in protein degradation. To test the possibility that HCMV infection
may cause an increase in the release of CD63 and CD81, we analyzed intracellular and
extracellular levels of the proteins during infection. Interestingly, we found that extra-
cellular levels of both proteins increased during infection (Fig. 1E). This indicates that

FIG 1 HCMV infection alters EV biogenesis machinery. Uninfected and HCMV-infected (MOI � 3) fibro-
blasts at 24, 48, 72, and 96 hpi were harvested for protein (A and C) and RNA (B and D) analyses. (A)
Western blot analysis of the ESCRT-III subunits CHMP6, CHMP4B, and CHMP2B. Tubulin was used as a
loading control. (B) qPCR of CHMP6, CHMP4B, and CHMP2B. (C) Western blot of EV markers CD63 and
CD81. Tubulin was used as a loading control. (D) qPCR analysis of CD63 and CD81 for a high MOI. (E)
Western blot of CD63 and CD81 from HCMV-infected (MOI � 3) fibroblasts at 24, 48, 72, and 96 hpi. qPCR
results are from three independent experiments. *, P � 0.05 compared to uninfected samples.
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HCMV infection alters the expression of EV biogenesis proteins and increases the
release of EV markers during infection. However, this does not exclude the possibility
that subsets of CD63 and CD81 are degraded during infection.

Inhibition of extracellular vesicle production slows HCMV spread. The regula-
tion of EV-associated proteins is suggestive of an increase in EV release during infection.
In addition to the ESCRT pathway, EV biogenesis occurs through the enrichment of the
lipid ceramide at the endosomal membrane. Sphingomyelinases generate ceramide
from a sphingomyelin precursor, and since treatment of cells with neutral sphingomy-
elinase (nSMase) inhibitors alters EV formation and release from the cell, these inhib-
itors are commonly used to disrupt EV release during diverse virus infections (10,
32–34). To test if EVs generated from this pathway also contribute to HCMV spread, we
treated HCMV-infected cells with the nSMase inhibitor GW4869. The efficacy of the
inhibitor was confirmed by observing an intracellular accumulation of EV markers (Fig.
2A). HCMV replication and egress are associated with cellular proteins that are also
utilized in the release of EVs (35). It is possible that in addition to altering EV biogenesis,
treatment with GW4869 may also inhibit the replication cycle of the virus. We therefore
analyzed intracellular and extracellular virus titers at a high multiplicity of infection
(MOI) in the presence of GW4869. We found that GW4869 treatment caused a slight
reduction in intracellular levels of infectious virus; however, virus egress was unaffected,
as extracellular virus titers were unchanged in the presence of GW4869 (Fig. 2B).
GW4869 treatment, even for prolonged periods of time, did not appear to cause toxicity
in the fibroblasts, because cell viabilities were similar across all treatment groups
(Fig. 2C). Since we hypothesize that the spread defect observed with blocking ESCRT
function is due to altered extracellular vesicle, we wanted to test whether GW4869 also
altered the spread of HCMV. Thus, we hypothesized that treatment of infected cells

FIG 2 GW4869 slows HCMV spread. (A) Western blot of intracellular CD63 and CD81 in HCMV-infected
(MOI � 1) fibroblasts at 72 hpi treated with DMSO or 8 �M GW4869. Tubulin was used as a loading
control. (B) Intracellular and extracellular virus titers from HCMV-infected (MOI � 3) fibroblasts at 96 hpi
treated with DMSO or 8 �M GW4869. (C) Trypan blue viability for uninfected or HCMV-infected
(MOI � 0.05) fibroblasts at 9 dpi. At indicated time points, cells were trypsinized and resuspended in
DMEM before being mixed with trypan blue. Positive-control cells were incubated at 65°C for 10 min. (D)
Virus spread in HCMV-infected (MOI � 0.05) fibroblasts treated with DMSO or 8 �M GW4869. Relative
infection measured by GFP expression in the monolayer. Values for titers and virus spread are from three
independent experiments. (E) Fluorescence images from low-MOI spread infection in panel D. Scale bars
are 1,000 �m. (F) Total cell count of uninfected and HCMV-infected (MOI � 0.05) fibroblasts at 9 dpi
treated with DMSO or 8 �M GW4869. *, P � 0.05.
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with GW4869 would also affect the spread of HCMV. We tested the effect of GW4869
at a low MOI using a recombinant TB40/E strain that encodes green fluorescent protein
(GFP) adjacent to the viral immediate early protein 2 separated by the T2A peptide (36).
During infection with this virus, GFP-positive cells can be used to monitor virus spread
through the monolayer after addition of the EV inhibitor GW4869 or dimethyl sulfoxide
(DMSO) vehicle control. In contrast to the high MOI results, the inhibitor slowed the
efficiency of virus spread through the monolayer (Fig. 2D and E). The reduction in
spread following GW4869 treatment was not caused by a reduction in cell density, as
total cell counts were not reduced in the treatment group (Fig. 2F). In fact, cell counts
were slightly higher in GW4869-treated cells at 9 days postinfection (dpi). It is well
known that HCMV infection causes cell cycle arrest and therefore prevents cell division.
Since this is the time point with the largest difference in virus spread, we hypothesize
that the higher cell counts in GW4869-treated cells may be caused by an increased
number of uninfected cells still undergoing cell division during the experiment. There-
fore, the nSMase inhibitor GW4869 slows HCMV spread without affecting virus egress
or cell viability.

Purification of EVs from HCMV-infected cells. Our data show that both treatment
with the EV inhibitor GW4869 and blocking ESCRT activity slow the efficiency of HCMV
spread without inhibiting the viral replication cycle. These data support the hypothesis
that EVs released from HCMV-infected cells are important for virus spread. To gain a
better understanding of the role of EVs during infection, we purified EVs from infected
or uninfected cells. We chose to purify EVs from HCMV-infected HDFs at 72 h postin-
fection (hpi) since this time point indicated regulation of the EV-associated proteins
(Fig. 1). To characterize the EVs released from infected cells, the vesicles must be
separated from viral particles that are also present in the infected media. EVs were
separated from viral particles and purified using a combination of high-speed and
ultracentrifugation steps with an OptiPrep gradient (Fig. 3A). Western blot analysis of
the isolated fractions for CD63 and CD81 was used to identify fractions that contained
EVs, and an antibody to the abundant viral tegument protein pp65 was used to identify
fractions enriched with viral particles or dense bodies (Fig. 3B). CD63- and CD81-
positive fractions spanned the 10% to 30% region of the gradient. Importantly, pp65
was not detected in fractions that were positive for the EV markers, suggesting that EVs
were successfully separated from viral particles. To confirm this, we performed an
infectious titer assay on all collected fractions. For the majority of the isolations, HCMV
was pelleted at a high-speed centrifugation step labeled “10K pellet” as shown in a
representative titer assay (Fig. 3C). This was unexpected, as much higher centrifugation
speeds are typically used in HCMV purification protocols. However, this was the step in
the purification protocol that consistently contained infectious particles. In the rare
event that infectious virus was present within the gradient, these fractions were
discarded and not used for any downstream analysis or experiments. Using this
approach, we were able to successfully separate EVs from infectious particles.

HCMV infection increases EV release. We next analyzed and compared the EV
preps from infected and uninfected cells. Electron microscopy (EM) analysis of the
purified EV preps revealed no differences in morphology between the samples (Fig. 4A).
Importantly, we did not observe any viral particles, consistent with our infectious titer
assay of vesicle fractions. Cells can release many unique vesicle populations that are
characterized by origin of biogenesis, internal cargo, surface markers, and size (37).
Pooled EV fractions were tested for changes in vesicle surface markers by Western blot
analysis loaded in equal volumes (Fig. 4B). Both infected and uninfected EVs were
positive for the vesicle markers CD63, CD81, and Tsg101 and negative for the intracel-
lular marker �-tubulin. Strikingly, the cellular EV markers were more abundant in the
infected EV samples. The increase in vesicle marker intensity could be occurring
through two ways: HCMV infection could increase the number of vesicles released from
the cell, or infected cells may release vesicles with a higher enrichment of these
molecules per vesicle. Viral infections were previously shown to increase the release of
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EVs from infected cells (17, 38). To address this possibility, we analyzed the vesicle
population by nanoparticle tracking analysis (NTA). Interestingly, HCMV-infected cells
released 3-fold more EVs than uninfected cells, suggesting that the increase in extra-
cellular EV markers is a result of increased release of vesicles from the cell (Fig. 4C). In
support of this, Western blot analysis of EVs with equal loading of vesicle numbers
showed little difference in EV marker abundance between uninfected and infected
samples (Fig. 4D). In addition to increased vesicle release, HCMV infection also altered
the size distribution of the purified EVs. Uninfected cells released vesicles that were
categorized by their diameters into small and large EVs (Fig. 4E). Interestingly, infected
cells released a more uniform population of vesicles that were smaller in size than
uninfected EVs (Fig. 4E). This is supported by the fact that infected EVs have smaller
median and mode vesicle diameter than uninfected EVs (Fig. 4F and G). The trend
toward a smaller vesicle size is further indication that HCMV infection alters activity
associated with EV pathways. Thus, HCMV-mediated regulation of the EV biogenesis
machinery results in increased release of EVs and altered vesicle size.

EVs from HCMV-infected cells contain viral proteins with late domain se-
quences. Our data have shown that EVs released during HCMV infection appear to
enhance the efficiency of virus spread. To determine how these EVs contribute to HCMV
spread, it is important to identify HCMV-mediated changes in EV cargo. EVs are
enriched in a number of signaling molecules, some of which include lipids, proteins,
mRNAs, and noncoding RNAs such as miRNAs. These molecules can have diverse effects
on the activity of the recipient cell. The genome of HCMV encodes a number of proteins
that alter the activity of the infected cell to help initiate and establish a productive
infection. We hypothesize that HCMV-infected cells transfer these viral factors through
EVs to uninfected cells to alter the environment, which helps establish infection and
enhance spread. In fact, viral proteins have been found in EVs released from HCMV-

FIG 3 EV purification from HCMV-infected cells. (A) Protocol to purify EVs from HCMV-infected (MOI � 1)
fibroblast medium. (B) Western blot analysis of the viral protein pp65 and cellular proteins CD63 and
CD81 from EV purification. Cell lysate at 72 hpi (Lys), 10,000 � g centrifugation pellet (10K), and fractions
from the OptiPrep density gradient (1 to 9). (C) Virus titers from a representative EV purification
experiment.
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infected cells (22, 23). Upon further analysis of these previous reports, HCMV viral
proteins identified in EVs contain amino acid sequences classified as late domains
(Fig. 5A). Late domains were first described as amino acid sequences in viral proteins
necessary for a late stage in the viral replication cycle of retroviruses and are known to
be important for protein-protein interactions with ESCRT subunits, serving as a mech-
anism to recruit the ESCRT machinery during infection (39–41). However, late domains
can also recruit proteins for incorporation into EVs through interactions with ESCRT
proteins (42). The HCMV genome encodes multiple proteins with predicted late domain
sequences even though the ESCRTs are not required for viral envelopment (25, 43). We
analyzed our EV population for the presence of viral proteins (Fig. 5B and 3B). Consis-
tent with previous findings, EVs were positive for the late domain-containing viral
glycoprotein gB and negative for the abundant tegument protein pp65, which does not
contain a late domain (22, 23). We also found the UL82 gene product pp71 in the EV
population, which also contains a late domain sequence and has well-documented
roles in the initiation of infection and the manipulation of the antiviral response

FIG 4 HCMV infection increases EV production. Analysis of EV populations was carried out using EV
fractions from uninfected or HCMV-infected (MOI � 1) fibroblasts at 72 hpi. (A) Electron micrographs of
pooled EV fractions. Scale bars are 50 nm. (B) Western blot analysis of pooled EV fractions for tubulin,
CD63, Tsg101, and CD81 loaded at equal volumes. Lysate is from HCMV-infected (MOI � 1) fibroblasts at
72 hpi. (C) Particle concentration of pooled EV fractions assayed by nanoparticle tracking analysis (NTA).
(D) Western blot analysis of EV fractions loaded at equal vesicle numbers. Normalized size distributions
(E), mean diameters (F), and mode diameters (G) of pooled EV fractions. All NTA analyses are from seven
independent EV harvests. *, P � 0.05.
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(44–46). Interestingly, the potential late domain sequences harbored by viral proteins
found in EVs were found in multiple HCMV strains (Fig. 5C). This high level of
conservation suggests that the sequences are important for proper function of the
proteins, perhaps due to their role in targeting the proteins for packaging into EVs.
Incorporation of HCMV proteins into EVs appears to be specific, as some late domain-
containing proteins (pp150) and proteins without late domains (pp65) were not found
in EVs (22, 23). Together, these data suggest that HCMV proteins are selectively
packaged into EVs and this may be dependent upon late domain sequences.

Infected EVs do not require CD63 to enhance spread. In addition to late domains,
other mechanisms exist for EV cargo selection. Proteins are selectively incorporated into
vesicles through posttranslational modifications or interactions with EV-associated
proteins, such as CD63, that target cargo to the site of EV biogenesis (42, 47). With
respect to herpesviruses, CD63 is important for incorporating the EBV latent membrane
protein 1 (LMP1) into EVs (48–50). Additionally, CD63 is important for the antiviral
phenotype of HSV-1 EVs, as knockdown of CD63 reduces the antiviral phenotype during
HSV-1 infection (15). Conversely, overexpression of CD63 amplifies the phenotype (17).
To see if CD63 was also important for HCMV spread, we used a lentiviral short hairpin
RNA (shRNA) to knockdown expression of CD63 in HDFs (Fig. 6A). We found that

FIG 5 EVs from HCMV-infected cells contain viral proteins. (A) Table of late domain sequences within viral proteins detected in infected
EVs. (B) Western blot analysis of viral and cellular proteins in pooled EV fractions from uninfected or HCMV-infected (MOI � 1)
fibroblasts at 72 hpi. Samples loaded at equal volumes. (C) Amino acid sequences of HCMV strains AD169 (GenBank FJ527563.1),
Merlin (NCBI Reference Sequence NC_006273.2), TB40/E (GenBank EF999921.1), Toledo (GenBank GU937742.2), Towne (GenBank
FJ616285.1), and TR (GenBank KF021605.1). Amino acid positions are shown in parentheses. Potential late domains are shown in red.
*, stop codon.
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knockdown of CD63 did not inhibit HCMV replication at a high MOI or block virus
egress (Fig. 6B). Surprisingly, knockdown of CD63 also had no effect on the efficiency
of HCMV spread (Fig. 6C). This appears to be in contrast to other herpesvirus infections
and may represent a key difference between the mechanisms of EV manipulation.
These data clearly indicate that the effector molecules necessary to enhance HCMV
spread are incorporated into EVs in a CD63-independent mechanism. It was recently
reported that CD63 is required for HCMV replication. Although the precise role of CD63
was not defined, evidence suggested that CD63 may be responsible for the trafficking
of other membrane proteins known to be important for HCMV entry or that CD63 may
be important for assembly (51). We transduced fibroblasts with three additional shRNA
clones to thoroughly test whether knockdown of CD63 inhibited viral replication (Fig.
6D). While all three clones resulted in robust knockdown of CD63, none of the clones
inhibited HCMV replication (Fig. 6E). A major difference between these two reported
results is the duration of CD63 knockdown. In this lentiviral system, the knockdown of
CD63 is for a prolonged period of time relative to that in the recent report (51). It is
possible that prolonged knockdown of CD63 results in new trafficking patterns of
proteins that have been linked to CD63. However, a more defined role of CD63 during
this process is needed before this can be addressed. Nonetheless, this combination of
data suggests that CD63 is not directly required for HCMV replication or spread.

Extracellular vesicles enhance HCMV infection. We have shown that HCMV alters
the number and composition of EVs released from cells and that blocking EV biogenesis
impairs virus spread. To determine if HCMV-mediated changes in EVs were responsible
for enhancing HCMV spread, we tested whether the addition of purified EVs from
infected cells could rescue the spread defect caused by the EV inhibitor GW4869. Under
physiological conditions, the number and frequency of vesicles that individual cells
receive from the extracellular environment are unknown. However, using a similar
approach as was used to study EVs in other herpesvirus infections, we tested whether
the transfer of purified EVs could rescue the spread defect of GW4869 (15, 20) (Fig. 7A).

FIG 6 Knockdown of CD63 does not inhibit HCMV spread. (A) Western blot analysis of CD63 in uninfected
fibroblasts transduced with lentivirus expressing shRNA to CD63 or scrambled control. Tubulin was used
as a loading control. (B) Intracellular and extracellular virus titers from HCMV-infected (MOI � 3) trans-
duced fibroblasts at 96 hpi. Titers are from three independent experiments. (C) Virus spread in HCMV-
infected (MOI � 0.05) transduced fibroblasts. Relative infection measured by GFP expression in the
monolayer. Values for low-MOI spread data represent five independent experiments. (D) Western blot
analysis of CD63 in uninfected fibroblasts transduced with lentivirus expressing shRNA clones to CD63
or scrambled control. (E) Intracellular and extracellular virus titers from HCMV-infected (MOI � 3)
transduced fibroblasts at 96 hpi. Titers are from three independent experiments.
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To alleviate the concern that we may have small amounts of undetectable virus in our
purified EV population, all EV isolations were performed on cells infected with a TB40/E
virus that does not express any fluorescent proteins. Even if a small amount of
contaminating virus is present in fractions, this would not impact the analysis of our
spread experiment, which depends upon the presence of GFP to monitor virus spread.
We found that treatment of cells with EVs purified from infected HDFs enhanced the
spread of HCMV in the presence of the EV inhibitor (Fig. 7B). The degree of rescue was
variable among the experiments, and this could be due to the quality of the purified
EVs. Although addition of EVs resulted in an increase in virus spread, spread was still
reduced compared to that in the untreated sample (Fig. 7C). This may be due to the
number of vesicles added, frequency of vesicle addition, or when the purified vesicles
were harvested. Interestingly, EVs purified from GW4869-treated cells were unable to
rescue the spread phenotype of the inhibitor (Fig. 7D). This is further indication that
treatment with GW4869 disrupts the EV production during HCMV infection. Since EVs
rescued HCMV spread in the presence of the EV inhibitor, we next tested whether
EVs could enhance the spread of an untreated infection. We found that the addition of
EV to an untreated HCMV infection did in fact increase the efficiency of infection,
providing further evidence that EVs released from infected cells enhance HCMV spread
(Fig. 7E). Importantly, the addition of EVs purified from uninfected cells did not increase
virus spread (Fig. 7F). Collectively, these data clearly state that EVs released from
HCMV-infected cells transfer signals to uninfected cells that are important for efficient
virus spread.

FIG 7 EVs from HCMV-infected cells enhance virus spread. (A) Experimental outline to transfer purified
EVs to HCMV-infected (MOI � 0.05) fibroblasts treated with 8 �M GW4869; 3,000 to 5,000 purified EVs
were added to spread experiments at 3, 4, and 5 dpi as indicated, and GFP expression was measured at
3, 6, 9, 12, and 15 dpi. (B) Fold increases for four individual experiments showing virus spread relative to
that for GW4869-treated HCMV-infected fibroblasts. (C) Fluorescence images from the spread infection
in panel B. Scale bar is 250 �m. (D) Virus spread in fibroblasts treated with 8 �M GW4869 and EVs purified
from cells treated with 8 �M GW4869. *, P � 0.05 compared to untreated control. (E) Virus spread in the
presence of EVs purified from HCMV infection. *, P � 0.05. (F) Virus spread in the presence of EVs purified
from uninfected fibroblasts.

Streck et al. Journal of Virology

August 2020 Volume 94 Issue 16 e00609-20 jvi.asm.org 10

https://jvi.asm.org


DISCUSSION

The complex network of intercellular communication dictates the activity of cells
within a given environment, and viral manipulation of this network has important
implications for infection and spread. Extracellular vesicles have emerged as important
players in delivering content between cells. The ESCRT proteins represent one pathway
for EV biogenesis, and we and others have demonstrated that these proteins are
necessary for efficient virus spread (24, 25). Since EVs are known to be important factors
in the spread of other herpesvirus infections, we hypothesized that the ESCRT-
dependent contribution to HCMV spread is due to its role in EV biogenesis (16, 21,
52–54). EVs are produced through both ESCRT-dependent and ESCRT-independent
pathways (34). We found that the EV biogenesis inhibitor GW4869 also slowed HCMV
spread and that this phenotype was partially rescued by adding purified EVs from
HCMV-infected cells. Importantly, we also found that adding purified EVs to an un-
treated HCMV infection also enhanced the spread of the virus. This suggests that EVs
released from HCMV-infected cells are important for enhancing HCMV spread.

While modulation of EV release is an intriguing finding, we sought to define the
consequences of this regulation during HCMV infection. With this study, we now show
that blocking ESCRT-independent EV production with the nSMase inhibitor GW4869
slows HCMV spread. The ESCRTs and ceramide production are thought to represent
independent pathways of EV biogenesis, and in some cases, these pathways may even
generate vesicles with distinct cargo (34, 55, 56). Since little is known about the
molecules packaged into EVs released from HCMV-infected cells, it is unclear whether
both pathways are generating unique EVs that contribute to the spread phenotype
through mechanisms that are independent of each other. However, other virus infec-
tions are known to result in similar manipulations of both pathways (10). Future studies,
including proteomic analysis of EVs under different treatment and infection conditions,
will be required to understand whether vesicles released through these pathways are
functionally unique.

Our investigation of proteins associated with EVs uncovered significant regulation of
EV biogenesis machinery. This regulation results in HCMV-infected cells releasing 3-fold
more vesicles than uninfected cells. Interestingly, EVs released from HCMV-infected
cells also had an enrichment of smaller vesicles within the purified population, and the
significance of this finding is unknown. Of the diverse population of EVs released from
cells, exosomes are characterized by 50- to 150-nm-sized vesicles generated from
endosomal membrane (37). The ESCRT proteins contribute to the formation of exo-
somes, and the observed increase in ESCRT protein levels during infection could be
responsible for the shift in size toward the exosome population (28, 57). However,
further investigation is needed to explain this difference and to understand the
significance of this finding. Together, the extensive regulation of the EV biogenesis
pathway results in an increase in the overall number and a shift in size distribution in
EVs released from HCMV-infected cells.

In addition to modifying the size and number of EVs, HCMV also modifies EV
content. Several viral proteins are incorporated into EVs, and these proteins interest-
ingly all contain potential late domain sequences (22, 23). We used this information to
direct our attempts to identify new viral proteins within these vesicles. Using this
approach, we identified that the viral protein pp71 is also present in EVs. While we used
potential late domain sequences to identify new viral proteins found in the EVs, it is
important to note that none of the sequences have been shown to interact with ESCRT
proteins. Experimental evidence is required to fully understand the role of these
sequences and their link to the ESCRT machinery. The role of pp71 during the early
stages of infection initiation is well documented (44–46). In fact, transfection of
plasmids encoding pp71 into cells makes HCMV DNA more infectious (44). The transfer
of pp71 to uninfected cells could certainly contribute to enhanced virus spread, but we
do not expect that a single protein is responsible for the observed spread phenotype.
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We hypothesize that a combination of incoming signals from viral, and potentially host,
factors is necessary to generate a proviral environment within uninfected cells.

A key component of EVs that is not addressed in this study is the impact of miRNAs
on virus spread. EBV, KSHV, and HSV-1 all package viral miRNAs into EVs (16, 18, 19, 53).
Within a variety of cell systems, it has been shown that miRNA incorporation is a
selective process mediated by RNA binding proteins that bind to specific miRNA
sequences to facilitate packaging into EVs (58–60). Two of these proteins, heteroge-
neous nuclear ribonuclear protein A2B1 (hnRNPA2B1) and synaptotagmin binding
cytoplasmic RNA interaction protein (SYNCRIP also known as hnRNPQ), have well-
described roles involving RNA transport and even antiviral defense during infection
with other DNA viruses, but our understanding of their role during HCMV infection is
limited (61–63). hnRNPA2B1 and SYNCRIP were recently shown to interact with the
HCMV immediate early 2 IE86 protein (64). Interestingly, miRNAs harbored by HCMV
contain potential binding sequences for these RNA binding proteins, and these miRNAs
target pathways involving immune signaling, apoptosis, and the cell cycle (65–72). If
HCMV miRNAs were incorporated into EVs, then this would add further regulation of
key cellular pathways that could facilitate more efficient spread of the virus. In support
of this possibility, a recent report identified several HCMV miRNAs in EVs isolated from
patient samples, and the abundance of HCMV miRNAs in EVs correlated with the
severity of certain pathologies associated with HCMV infection (73). A comprehensive
analysis of the components found within the EVs is needed to fully understand their
effects on recipient cells.

We found that EVs released from HCMV-infected cells are important for virus spread.
However, it does not rule out the possibility that EVs are important during other stages
of HCMV infection. Within a host, HCMV infects a variety of cells types and can undergo
lytic and latent stages of viral infection. Additionally, HCMV must subvert the immune
response during infection of the host, an important determinant of the severity of
infection that is not present during our experiments. Thus, the enhancement in spread
we observe in tissue culture may be amplified in the complex environment of the host.
The content and function of EVs may also vary within a host depending on the cell type
infected. It is known that infection of different cell types with the same virus can
produce EVs that are functionally unique (10, 11). This study provides a system to begin
to understand regulation of the EV pathway, but it will be important to understand the
functional importance of EVs during infection of different cell types and during latent
infection.

MATERIALS AND METHODS
Cell culture and viruses. Primary human dermal fibroblasts (HDFs) (106-05n; Cell Applications Inc.)

were used for all assays. Human lung fibroblast MRC-5 cells (ATCC CCL-171) were used to generate virus
stocks as previously described (25, 74), and HEK-293TN cells (provided by David Spector) were used for
lentivirus production. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Corning)
supplemented with 10% fetal bovine serum (FBS; HyClone), 2 mM GlutaMAX (Gibco), 100 U/ml penicillin,
and 100 g/ml streptomycin (Corning). Culture conditions were 37°C with 5% CO2. Wild-type TB40/E or the
IE-2A-GFP derivative were used for all experiments (36).

HCMV infections. HCMV was incubated with HDFs for 3 h at 37°C. Cells were washed twice in
Dulbecco’s phosphate-buffered saline (DPBS) without calcium or magnesium to remove unbound virus
before replacing with culture medium. For virus titers, cells and media were harvested separately to
collect intracellular and extracellular virus. Cells were scraped into culture media, sonicated, vortexed,
and centrifuged at 4°C at 13,000 rpm for 10 min. Virus was flash-frozen in liquid nitrogen and stored at
�80°C. Titers were calculated by diluting samples on MRC-5 cells and detecting HCMV immediate early
proteins (clone D4 generated by Neil Christensen [75]) by immunofluorescence. TB40/E IE-2A-GFP was
used for virus spread experiments. Unfixed HDFs in 24-well plates were imaged at the designated time
points to calculate the total area of GFP-positive pixels within each image. Spread values are relative to
15-dpi control samples. For EV transfer experiments, approximately 3,000 to 5,000 EVs per cell were
added at 3, 4, and 5 dpi. Images were acquired on a C2� confocal microscope system (Nikon) and
analyzed using Nikon Imaging System Advanced Research Analysis software.

Quantitative real-time PCR analysis. RNA was isolated from HDFs infected at an MOI of 3 at
designated time points using a Qiagen RNeasy minikit, and cDNA was generated using an Invitrogen
SuperScript First Strand RT-PCR kit with oligo(dT) primers according to the manufacturer’s instructions.
Quantitative PCR (qPCR) was performed using Fast Start Universal SYBR green Master (Roche) and
StepOnePlus cycler (Applied Biosystems). Samples were normalized to glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH), and fold change was calculated compared to uninfected samples. The primers
used were as follows: CHMP6-FOR, 5=-TTGGAAATGAGTGTCTGAACAAG; CHMP6-REV, 5=-CTGCGTCTCGTC
CAGGAT; CHMP4B-FOR, 5=-TCCCTCTATAGCCCTACCATCA; CHMP4B-REV, 5=-TTCTCCAATTCCTTCATGTCG;
CHMP2B-FOR, 5=-AAAGTGATGAATTCCCAAATGAA; CHMP2B-REV, 5=-TCTTGTTAACTGCCTGCATTGT; CD63-
FOR; 5=-ACCACACTGCTTCGATCCTG; CD63-REV, 5=-TCTCCACACAGCCCTCCTTA; CD81-FOR, 5=-CCTTCCAC
GAGACGCTTGAC; CD81-REV, 5=-CGATCTTCTGGTGGCAGTCC; GAPDH-FOR, 5=-ACCCACTCCTCCACCTTTGA
C-3=; GAPDH-REV, 5=-CTGTTGCTGTAGCCAAATTCGT.

GW4869 experiments. HDFs were seeded at subconfluence (30% confluence) and treated for 48 h
with 8 �M GW4869 (Cayman Chemical) or DMSO (Fisher) prior to infection. GW4869 or DMSO was not
present during adsorption but was added back at 3 hpi. Treatment groups were spiked with additional
2.5 �M GW4869 or DMSO at 2 dpi for high-MOI experiments and at 2, 4, and 6 dpi for low-MOI
experiments.

EV isolation. For EV isolation, cells were cultured in DMEM supplemented with 10% FBS that was
centrifuged at 130,000 � g at 4°C for 16 h and subsequently filtered through a 0.22-�m filter to deplete
the EVs. HDFs were seeded into eight T175 culture flasks and allowed to grow to confluence for 72 h. This
medium was then collected and used to isolate uninfected EVs. Confluent flasks (approximately 8.0 � 107

total HDFs) were then infected at an approximate MOI of 1, and infected cells were incubated for 72 h
before collecting the medium. Medium was collected and filtered through a 0.45-�m filter, and
supernatant was subsequently centrifuged at 300 � g at 4°C for 10 min, 1,200 � g at 4°C for 10 min, and
10,000 � g at 4°C for 20 min. The pellet from the 10,000 � g step was resuspended in phosphate-
buffered saline (PBS) and saved as the 10K pellet. Supernatant was transferred to ultracentrifuge tubes
and centrifuged at 130,000 � g at 4°C for 2 h in an SW32Ti rotor. The supernatant was discarded, and the
pellet was resuspended in 1 ml of 5% OptiPrep (Sigma-Aldrich). The resuspended pellet was loaded on
top of a stepwise OptiPrep gradient with 10% (1 ml), 15% (1 ml), 20% (1 ml), 30% (500 �l), and 41%
(500 �l) steps and centrifuged in an SW55Ti rotor at 130,000 � g at 4°C for 16 h with no brake. Fractions
were collected and brought to a final volume of 5 ml in DPBS. Diluted fractions were centrifuged in an
SW55Ti rotor at 130,000 � g at 4°C for 2 h. Pellets were resuspended in DPBS and stored at �80°C.

Nanoparticle tracking analysis. For each EV harvest, fractions positive for EV markers (CD63 and
CD81) and negative for infectious virus were combined in equal volumes prior to NTA analysis. Samples
were diluted to 1 ml with particle-free water. Each sample was loaded by syringe pump into the
NanoSight NS300 (Malvern Instruments Ltd., Malvern, Worcestershire, UK) set in scatter mode, and five
60-s videos were captured. The flow cell was rinsed by 1 ml particle-free water 3 times between samples.
The capture settings used were a screen gain of 1 and camera level of 14. The process settings used were
a screen gain of 10 and detection threshold of 5. The size distribution and concentration of particles were
calculated and exported using software NTA3.2 (Malvern Instruments Ltd.). To generate a normalized size
distribution between infected and uninfected EVs, the sum of vesicles within the defined diameter range
were divided by the total number of vesicles with a diameter of 0 to 300 nm to get a relative proportion
for that range. These proportions were then plotted with a y axis from 0 to 1.

Electron microscopy. Equal numbers of uninfected or HCMV-infected EVs were transferred to 1-nm
carbon film with a 10-nm Formvar-coated grid (Electron Microscopy Sciences) and incubated with 2%
uranyl acetate (Electron Microscopy Sciences) for 1 min. Images were acquired using a JEOL JEM-1400
Digital Capture transmission electron microscope.

Lentivirus production and transductions. Lentivirus was produced in HEK-293TN cells as previously
described (25). pLKO.1 scrambled shRNA was a gift from David Sabatini (Addgene plasmid no. 1864) (76).
The shRNA constructs used for CD63 knockdown (pLKO.1 TRCN0000007849, TRCN0000007851,
TRCN0000007852, and TRCN0000007853) were obtained from the TRC 1.0 shRNA library at Penn State
College of Medicine (77). Subconfluent HDFs (30% confluence) were transduced with lentiviral vectors in
DMEM containing 8 �g/ml Polybrene (Sigma-Aldrich) for 6 h at 37°C. HDFs were passaged under
selection with 2 �g/ml puromycin (Thermo Fisher Scientific) before seeding for experiments.

Western blotting. Cell lysates were harvested at the designated time points in radioimmunopre-
cipitation assay (RIPA) buffer supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mM aprotinin,
0.2 mM Na3VO4, and 1 �g/ml leupeptin. For extracellular levels of CD63 and CD81 during infection,
medium was collected and centrifuged at 300 � g at 4°C for 10 min. Supernatant was centrifuged at
130,000 � g at 4°C for 2 h, and the pellet was resuspended in DPBS. For Western blot analysis of EVs,
aliquots were mixed 1:1 with urea lysis buffer containing 120 mM Tris-HCl (pH 6.8), 5% SDS, 8 M urea,
10 mM EDTA, and 20% glycerol. SDS-PAGE gels were transferred to polyvinylidene difluoride (PVDF) or
nitrocellulose membranes and blocked with 5% nonfat dry milk. The antibodies used were against the
following: CHMP6 (Proteintech), CHMP4B (Proteintech), CHMP2B (Proteintech), CD63 (TS63 [Arigo Biola-
boratories] or H5C6 [Developmental Studies Hybridoma Bank]), CD81 (B-11; Santa Cruz Biotechnology),
�-tubulin (DM1A; Sigma-Aldrich), HCMV pp65 (7B4; a gift from David Spector [78]), Tsg101 (Fisher
Scientific), HCMV glycoprotein B (2F12; Virusys), HCMV pp71 (2H10-9; a gift from John Purdy [79]), HCMV
UL71 (1G; monoclonal antibody generated by Neil Christensen [36]), HCMV IE1/2 (a gift from Jim Alwine
[80]), and actin (C4; Sigma-Aldrich).

Statistical analysis. For all statistical analyses, significance was set at a P value of less than 0.05. Data
were compared using a Student’s t test when comparing two samples and one-way analysis of variance
(ANOVA) with Dunnett’s multiple-comparison test for data sets with more than two experimental groups.
One-way ANOVA and Dunnett’s tests were performed using GraphPad Prism version 8.4.

Data availability. We have submitted all relevant data from our experiments to the EV-TRACK
knowledgebase (EV-TRACK identifier [ID] EV200015) (81).
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