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Inhibition of endocytic pathways 
impacts cytomegalovirus 
maturation
Madeline A. Archer†, Teal M. Brechtel‡, Leslie E. Davis, Rinkuben C. Parmar, 
Mohammad H. Hasan & Ritesh Tandon

Endocytic processes are critical for cellular entry of several viruses; however, the role of endocytosis 
in cellular trafficking of viruses beyond virus entry is only partially understood. Here, we utilized two 
laboratory strains (AD169 and Towne) of human cytomegalovirus (HCMV), which are known to use 
cell membrane fusion rather than endocytosis to enter fibroblasts, in order to study a post-entry role 
of endocytosis in HCMV life cycle. Upon pharmacological inhibition of dynamin-2 or clathrin terminal 
domain (TD) ligand association, these strains entered the cells successfully based on the expression 
of immediate early viral protein. However, both the inhibitors significantly reduced the growth rates 
and final virus yields of viruses without inhibiting the expression of early to late viral proteins. Clathrin 
accumulated in the cytoplasmic virus assembly compartment (vAC) of infected cells co-localizing with 
virus tegument protein pp150 and the formation of vAC was compromised upon endocytic inhibition. 
Transmission electron micrographs (TEM) of infected cells treated with endocytosis inhibitors showed 
intact nuclear stages of nucleocapsid assembly but the cytoplasmic virus maturation was greatly 
compromised. Thus, the data presented here implicate endocytic pathways in HCMV maturation and 
egress.

Enveloped viruses enter cells using two main pathways, one that involves fusion of the viral envelope with the 
plasma membrane and a second one that involves endocytosis of the intact virus particles1. Entry of HCMV fol-
lows direct fusion at the cell surface in fibroblasts but entry into other relevant cell types, such as endothelial cells, 
follows an endocytic route2,3. Clathrin is the major constituent of coated vesicles and plays a critical role in the 
endocytic entry of viruses1,4–9. Clathrin coated vesicles (CCV) are also important in cell signaling and transport of 
critical cargo in the cell10–12, that can have significant impact on virus replication. The large GTPase dynamin acts 
as an accessory to clathrin by mediating the scission of the CCV from the parent membrane13. CCV selectively 
sort cargo at the cell membrane, trans-Golgi network (TGN), as well as at the endosomal compartments14. The 
connection of the clathrin scaffold to the membrane is mediated by clathrin adaptors, which can bind directly to 
both the clathrin lattice and to the lipid and protein components of membranes15. Cargo molecules may also be 
recruited into coated vesicles by direct interactions with clathrin16.

Pathogens can hijack cellular adaptors; however, interestingly, there are very few examples to date of viral 
clathrin adaptor mimics. One such example is the large hepatitis delta antigen (HDAg-L), which functions as 
a clathrin adaptor to promote hepatitis delta virus assembly. HDAg-L contains a clathrin box motif that can 
interact with the clathrin heavy chain at the TGN to promote viral morphogenesis17–20. In case of HCMV, major 
tegument protein pp150 is known to bind to host protein bicaudal D1 (bicD1), which in turn interacts with 
the dynein motor complex and with Rab-6 GTPase21. BicD1 can also interact with clathrin heavy chain (CHC) 
directly22. Depletion of bicD1 leads to reduced viral growth and impaired trafficking of pp150 to the cytoplasmic 
virus assembly compartment (vAC)21. A direct binding of pp150 with CHC has also been demonstrated using 
an immunoprecipitation - mass spectrometry approach23. The mechanisms by which pp150 engages clathrin and 
the role of this engagement in virus replication are unknown. Clathrin mediated pathways are also known to be 
involved in exocytosis24–26, the primary mechanism by which herpesviruses egress the cells27, suggesting a role of 
clathrin in viral egress as well.
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Herpesviruses, including HCMV, can bind to a broad range of cells by engaging cell surface heparan sulfate 
proteoglycan (HSPG)2,27. This attachment is believed to initiate a cascade of events involving other cellular recep-
tors and entry mediators that ultimately leads to viral fusion with the host cell membrane either at cell surface 
or in endosomes. However, mere attachment does not guarantee virus entry or a productive replication cycle. 
Expression of immediate-early viral proteins (IE) in infected cells can be used as a marker for the successful entry 
of HCMV but a lack of IE protein expression does not necessarily indicate a defect in virus entry.

Settings where inhibition of endocytosis does not impact virus entry provide an excellent opportunity to 
investigate the nature and role of endocytic pathways in the late stages of virus replication. Here, we exploited 
the differences in laboratory and clinical strains of HCMV to reveal a critical aspect of virus maturation where 
endocytic pathways are important.

Figure 1.  Inhibition of endocytosis impacts the growth of HCMV laboratory strains (Towne and AD169 
(BAD32GFP)) in fibroblasts. Confluent HF monolayers were pretreated with dynasore, or pitstop 2 for 1 h, 
and then infected with Towne or BAD32GFP virus at an MOI of 3.0 in the medium containing the same drug 
for one hour, washed and thereafter incubated in the presence of the drug. Samples of infected-cells in the cell 
culture medium were harvested at 5 days post infection and stored at −​80 °C before titration. Concentration 
of pitstop 2 (A) in the range of zero to 25 μ​M or of dynasore (B) in the range of zero to 250 μ​M led to dose 
dependent inhibition of final virus yields. Triplicate samples were used.
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Results
Inhibition of endocytosis inhibits HCMV replication.  HCMV strains Towne and AD169 use a 
non-endocytic pH-independent fusion mechanism at the cell surface to enter cells28. We tested the effect of 
two different endocytosis inhibitors on replication of these strains in primary human foreskin fibroblasts (HF):  
(i) Dynasore: The small molecule inhibitor of dynamin-2, which is crucial for endocytic vesicle formation in 
clathrin- and caveolin-mediated endocytosis29 as well as more poorly understood clathrin- and caveolin-inde-
pendent endocytic pathways29,30, (ii) Pitstop 2: another small molecule inhibitor that selectively blocks endocytic 
ligand association with the clathrin terminal domain (TD)31. Pitstop 2 also blocks clathrin independent endocy-
tosis however, the mechanism of this block is unknown32,33.

An IC50 value of 12 μ​M of pitstop 2 has been reported for the inhibition of amphiphysin-1 and clathrin TD 
association31. An increasing concentration of pitstop 2 in the range of zero to 25 μ​M led to dose-dependent 
decrease in final virus yields for both Towne and AD169 (BAD32GFP) viruses (Fig. 1A). For dynasore, an IC50 
value of 15 μ​M has been reported for the inhibition of dynamin functions29. Concentrations of dynasore in the 
range of zero to 250 μ​M resulted in a dose dependent inhibition of final virus yields (Fig. 1B). The reduction 
in virus yield was not due to an impact of these drugs on cell viability (Fig. 2). When HFs were incubated with 
the inhibitory concentration of these drugs (100 μ​M dynasore or 25 μ​M pitstop 2,) for a period of 6 hours post 
infection (Fig. 2A) or up to 5 days post infection (Fig. 2B), they did not show any significant cell death compared 
to DMSO control or uninfected cells. These results demonstrate that two different inhibitors that use different 
mechanisms to inhibit endocytosis inhibit the growth of laboratory strains of HCMV.

Cellular entry of HCMV laboratory strains does not involve endocytic mechanisms.  It has been 
reported that laboratory strains of HCMV do not require endocytosis for entry into cells28. Expression of viral 
immediate early (IE) protein was analyzed in the lysates of infected cells at 6 hours post infection (Fig. 3A,B). Both 

Figure 2.  Effect of drug treatments on cell viability. Confluent HF monolayers were pretreated with dynasore 
(100 μ​M) or pitstop 2 (25 μ​M) for 1 h, then infected with Towne or BAD32GFP virus at an MOI of 3.0 in the 
medium containing the same concentration of the drug for one hour, washed and thereafter incubated for (A) 
6 hours or (B) 5 days in the presence of the same concentration of the drug. DMSO-treated infected cells and 
uninfected untreated cells served as controls in this experiment. Cell viability was determined using trypan blue 
exclusion assay as described in materials and methods. Triplicate samples were used.
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BAD32GFP (AD169) and Towne strains of HCMV entered HF cells upon treatment with pitstop 2 or dynasore 
based on equivalent amount of IE1 protein expression in mock-treated and drug-treated cells.

Viral protein expression is not eliminated upon endocytic inhibition in fibroblasts.  To deter-
mine the impact of inhibition of endocytosis on post entry phases of HCMV life cycle, we probed the expression 
of early (pUL44) and late (gB) viral proteins. Both of these proteins were expressed when HFs were infected in the 
presence of pitstop 2 or dynasore at inhibitory concentrations (Fig. 4). Although some differences were observed 
in the expression levels of these proteins, any significant impact of these drugs on early stages of virus infection 
can be ruled out based on this data.

Clathrin concentrates in vAC and co-localizes with the vAC marker pp150.  A direct interaction 
between clathrin heavy chain and pp150 has been reported earlier23. We followed the localization pattern of 
clathrin during HCMV infection in immunoflurescent assays using a monoclonal antibody against clathrin heavy 
chain (CHC, BF-06). Clathrin localized in punctate cytoplasmic structures in mock-infected cells but concen-
trated in vAC of infected cells (Fig. 5), where it co-localized with the tegument protein pp150 (Fig. 5 overlay). 
pp150-GFP is expressed from the virus genome here; thus, labeling of vAC by pp150-GFP is not influenced by 
the assay conditions. It is possible that pp150 or other viral proteins directly or indirectly (through binding with 
clathrin adaptors) engage clathrin for the purpose of virus trafficking in the cell. We followed the clathrin and 
pp150 localization over the time-course of drug addition in infected cells. Clathrin distributes evenly in the cyto-
plasm of mock-infected HF and can be visualized as punctate structures, some which concentrate at the perinu-
clear region (Fig. 6, top panel). Upon infection, in DMSO-treated cells, clathrin localizes in vAC (arrows) along 
with pp150 irrespective of the time of DMSO treatment (day 1 to day 4 of infection). Treatment with dynasore 
impacts the formation of vAC when dyansore is added at early times post infection (day 1 of infection) but not 

Figure 3.  Entry of HCMV laboratory strains AD169 (BAD32) (A) and Towne (B) in HF upon treatment with 
pitstop 2, or dynasore as determined by expression of viral immediate early 1 (IE1) protein in infected cells. 
Confluent HF monolayers were pretreated with dynasore (100 μ​M) or pitstop 2 (25 μ​M) for 1 h, then infected 
with BAD32GFP or Towne virus at an MOI of 3.0 in the medium containing the same concentration of the 
drug for one hour, washed and thereafter incubated for 6 hours in the presence of the same concentration of 
drug before harvesting for immunoblots. Triplicate samples were used. DMSO-treated infected cells, untreated 
infected cells (UT) and untreated uninfected cells (UI) served as controls in this experiment. β​-actin was used as 
a loading control. Immunoblots were digitally cropped to conserve the space.
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when dynasore is added at late times post infection (day 2 to day 4 of infection) (Fig. 7) indicating that the vAC 
starts to assemble early during infection. Nevertheless, the co-localization of pp150 and clathrin to vAC is not 
disrupted upon dynasore treatment at any time post infection. Pitstop 2 treated cells seem to form a rather com-
pact vAC, very much like mock-treated cells, and this vAC or pp150- clathrin co-localization is not affected by 
the time of addition of Pitstop 2 (Fig. 8). Addition of dynasore at early times post infection (day 1 and day 2) but 
not at late times post infection (day 3 and day 4) led to a decrease in the number of viral plaques (Fig. S1). Also, gB 
localization seemed impaired when dynasore was added at the time of infection but not with pitstop 2 treatment 
in the same manner (Fig. S2).

Late stages of cytoplasmic virus maturation are impaired upon dynamin and clathrin inhibi-
tion.  Transmission electron microscopy of HCMV (AD169) infected HF that were mock-treated or treated 
with dynasore or pitstop 2 revealed several differences. Mock-treated cells showed a typical kidney-shaped 
nucleus observed in HCMV infected cells (Fig. 9A) and all three types of nuclear capsids, namely A, B- and 
C- capsids were present (Fig. 9B)34. In the cytoplasm, several mature and immature virus particles could be 
visualized in an area corresponding to vAC (Fig. 9C). For the dynasore-treated cells, the cells took the typical 

Figure 4.  Pitstop 2 or dynasore treatment does not eliminate the expression of viral early to late proteins 
in infected cells. Confluent HF monolayers were pretreated with dynasore (100 μ​M), pitstop 2 (25 μ​M), or 
mock (DMSO) for 1 h, then infected with BAD32GFP virus at an MOI of 3.0 in the medium containing the 
same concentration of the drug for one hour, washed and thereafter incubated for 72 hours in the presence of 
the same concentration of drug before harvesting for immunoblots using antibodies against early (pUL44) and 
late (gB) viral antigens. Duplicate samples were used for each treatment. DMSO-treated infected cells served as 
mock-control in this experiment and β​-actin was used as a loading control. Immunoblots were digitally cropped 
to conserve the space.

Figure 5.  Co-localization of clathrin and pp150 during HCMV infection. HF were mock-infected or 
infected with BAD32GFP virus at an MOI of 3.0 and fixed for IFA at 4 days post infection. Shown are the groups 
of four panels (mock or infected), obtained from the same field that includes single-color images of the cellular 
antigen (red), viral antigen pp150 (green), DNA (in nuclei) detected by Hoechst 33258 (blue, middle panels), 
or a composite (overlay, right). Clathrin heavy chain antibody was used for clathrin detection and the GFP 
fluorescence from BAD32GFP virus marked pp150. Hoechst staining marked the nuclei.
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morphology of HCMV infected cell; however, several large, seemingly empty or debris-containing cytoplasmic 
vesicles could be visualized (Fig. 9D). Dynasore-treated cells contained all three types of nuclear capsids (Fig. 9E); 
however, the cytoplasm contained few, if any mature virus particles (Fig. 9F). For pitstop 2, the cell took the 
typical morphology of an infected cell (Fig. 9G) and all three nuclear capsids were detected (Fig. 9H) but the 
cytoplasm lacked any discernable mature virus particles (Fig. 9I).

Quantification of nuclear capsids showed differences in the proportions of A-, B- and C- capsids among these 
treatments with mock- and pitstop 2 treated cells having an overwhelming majority of B-capsids and dynasore 
treated cells showing significant increase in the proportion of A-capsids (Fig. 9J). Most importantly, the genomic 
DNA containing C-capsids were present in all treatments although the numbers were reduced in pitstop 2 treated 
cells (Fig. 9J). Presence of very few particles and that too with irregular morphology prevented the absolute quan-
tification and comparison of particles in the cytoplasm of treated-infected cells.

Discussion
Virus trafficking in host cells depends upon a variety of host factors ranging from cytoskeletal network to endocytic  
machinery. While the role of endocytosis in virus entry has been studied extensively, little knowledge exists on 
its role in virus trafficking post entry. We used a system where virus entry does not depend upon endocytosis to 
investigate the functions of host endocytic machinery in virus trafficking and maturation. The results suggest 
that these host components are required at a late stage of HCMV maturation after synthesis of late viral proteins. 
Earlier, we reported the involvement of endosomal sorting complex required for transport (ESCRT) machinery 
in HCMV maturation35 and recent studies have strongly indicated that endocytic and exocytic pathways are 
exploited in the process of virus maturation, envelopment and egress26,36–42. This manuscript provides evidence to 

Figure 6.  Co-localization of clathrin and pp150 during HCMV infection when cells were mock treated at 
infection or at consecutive days post infection. HF were mock-infected or infected with BAD32GFP virus at 
an MOI of 3.0 and fixed for IFA at 5 days post infection. DMSO was added at day 1 (at the time of infection) 
or at days 2, 3, 4 of infection. Shown are the groups of four panels (mock or infected), obtained from the same 
field that includes single-color images of the cellular antigen (red), viral antigen pp150 (green), DNA (in nuclei) 
detected by Hoechst 33258 (blue), or a composite (overlay, right). Clathrin heavy chain antibody was used for 
clathrin detection and the GFP fluorescence from BAD32GFP virus marked pp150. vAC are marked with an 
arrow in the overlay image.
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directly link the endocytic pathways to HCMV maturation. Use of two different endocytic inhibitors (dynasore 
and pitstop 2) led to significant decrease in HCMV titers without impacting early to late virus gene expression. 
We probed the localization of clathrin during infection and not surprisingly it was found to concentrate in vAC, 
the site of endosome accumulation as well as virus maturation and envelopment 35,43,44. Clathrin co-localized with 
pp150, a viral tegument protein known to be critical for late phase of virus maturation44,45. When dynasore was 
added at an early time post infection, the vAC was less developed and the virus growth was significantly reduced. 
A direct interaction between pp150 and clathrin heavy chain has been reported23, indicating that HCMV may use 
pp150 to directly engage clathrin.

The TEM experiments confirmed that the nuclear stages of capsid assembly and maturation were intact and 
the genomic DNA containing C-capsids were present in all treatments although the numbers were significantly 
reduced for pitstop 2 treated cells. Clathrin is important in cell signaling and other activities10–12 that can have 
significant impact on HCMV replication prior to the stage of nucleocapsid assembly as well. A- and B-capsids 
are both considered intermediate or abortive stages in the process of nucleocapsid assembly34 and it would be 
interesting to explore why dynasore treatment led to an increase in the relative proportion of A-capsids without a 
significant decrease in the proportion of C-capsids compared to the mock-treated cells.

Other known scenario where endocytic pathways are important for virus maturation is virus glycoprotein 
trafficking. The de-envelopment – re-envelopment model of herpesvirus envelope acquisition requires that 
mature glycoproteins traffic to endosomes and/or TGN to be incorporated into virus envelope46. This involves, at 
least in the case of Varicella Zoster virus (VZV), endocytosis of mature virus glycoproteins from the plasma mem-
brane via a clathrin and dynamin dependent process46–49. Also, due to dynamic interconnection between endo-
cytic and exocytic pathways, viral proteins recovered from the plasma membrane could be used by trans-Golgi or 
endosomal cisternae to form new viral envelopes. Adherence of enveloped virions to unrecycled viral proteins on 
the cell surface in the absence of clathrin-mediated endocytosis may also contribute to decreased virus release26.

The data presented here provides first glimpses into the role of endocytic pathways in HCMV maturation and 
egress. Although pox viruses are known to use cytoskeleton for egress50, the role of cytoskeletal proteins in cyto-
megalovirus maturation has not been addressed yet. In fact, cytoskeletal transcripts are downmodulated during 
late phases of CMV infection51. The pharmacological inhibition studies like the present study may suffer from 
possible off-target effects of the drugs; however, it is important to note that the specific activities of dynasore and 

Figure 7.  Co-localization of clathrin and pp150 during HCMV infection when cells were dynasore treated 
at infection or at consecutive days post infection. HF were mock-infected or infected with BAD32GFP 
virus at an MOI of 3.0 and fixed for IFA at 5 days post infection. Dynasore was added at day 1 (at the time of 
infection) or at days 2, 3, 4 of infection. Shown are the groups of four panels (mock or infected), obtained from 
the same field that includes single-color images of the cellular antigen (red), viral antigen pp150 (green), DNA 
(in nuclei) detected by Hoechst 33258 (blue), or a composite (overlay, right). Clathrin heavy chain antibody was 
used for clathrin detection and the GFP fluorescence from BAD32GFP virus marked pp150. vAC are marked 
with an arrow in the overlay image.
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pitstop 2 are fairly well established29,31,52 and we have used these two different endocytic inhibitors with different 
mechanisms of action in parallel to come to the same conclusion. Pharmacologic inhibition of the endocytosis 
is also a promising strategy to develop antivirals53. Future studies will look into specific inhibition of biological 
pathways by siRNA, dominant negative mutants or knockout cell lines to confirm the findings presented in this 
study. We hope these studies collectively will open up the possibilities of designing an antiviral strategy by block-
ing the engagement of endocytic pathways by HCMV in addition to advancing our knowledge on host pathogen 
interaction and specific steps in herpesvirus maturation.

Materials and Methods
Cells.  Primary human foreskin-derived fibroblasts (HF) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Invitrogen Corporation, Carlsbad, CA) containing 4.5 g/ml glucose, 10% fetal bovine serum 
(#S1245OH; Atlanta Biologicals, Lawrenceville, GA), 1 mM sodium pyruvate, 2 mM L-glutamine, and 100 U/ml 
penicillin-streptomycin (Cellgro, Manassas, VA) at 37 °C with 5% CO2. HFs between passages 5 and 15 were used 
for transfections and infections. The cell culture medium was changed every other day in infections with new 
drugs added. The viability of cells was determined by trypan blue exclusion assay using established protocols54 
and recorded on TC10 automated cell counter (BioRad, Hercules, CA).

Antibodies, immunofluorescence assays and immunoblots.  Anti clathrin heavy chain antibody 
(BF-06, Thermo Scientific Pierce, Rockford, IL) was used as the primary antibody in immunofluorescence assays. 
Mouse monoclonal antibodies to gB (2F12), pUL44 (ICP36), and IE1 (CH160) were purchased from Virusys cor-
poration, Sykesville, MD, USA. Fluorescent label tagged secondary antibody DYLIGHT 594 was purchased from 
Thermo Scientific Pierce and used in immunofluorescent assays (IFA) described below. Hoechst 33258 (Thermo 
Scientific Pierce) staining identified the nuclei in IFA. Anti β​-actin antibody (AC-74, Sigma-Aldrich, St Louis, 
Mo, USA) was used as a control for sample loading in immunoblots. Peroxidase-labeled horse anti-mouse IgG 
(Vector Laboratories, Burlingame, CA) was used as the secondary antibody for IBs. Blots were detected using ECL 
Western blotting detection reagents (GE Healthcare, Buckinghamshire, United Kingdom).

Figure 8.  Co-localization of clathrin and pp150 during HCMV infection when cells were pitstop 2 treated 
at infection or at consecutive days post infection. HF were mock-infected or infected with BAD32GFP virus 
at an MOI of 3.0 and fixed for IFA at 5 days post infection. Pitstop 2 was added at day 1 (at the time of infection) 
or at days 2, 3, 4 of infection. Shown are the groups of four panels (mock or infected), obtained from the same 
field that includes single-color images of the cellular antigen (red), viral antigen pp150 (green), DNA (in nuclei) 
detected by Hoechst 33258 (blue), or a composite (overlay, right). Clathrin heavy chain antibody was used for 
clathrin detection and the GFP fluorescence from BAD32GFP virus marked pp150. vAC are marked with an 
arrow in the overlay image.
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Figure 9.  Transmission electron micrographs of HF cells that were either mock-treated (A,B and C) or 
treated with dynasore (100 μ​M) (D,E and F) or pitstop 2 (25 μ​M) (G,H and I) and then infected with HCMV 
(AD169) at an MOI of 3.0 and incubated in the presence of indicated drug for 4 days before processing for 
TEM. Representative whole cell (A,D,G), nuclear (B,E,H) or cytoplasmic (C,F,I) sections of the infected cell are 
shown in the micrographs. (J) Quantification of nuclear capsid types from the above treatments. A total of 400, 
318 or 674 capsids were counted for mock, dynasore and pitstop 2 treatments, respectively. Scale: 2 μ​m (A,C,D), 
1.0 μ​m (F,G), 0.5 μ​m (B,E,H,I). A- (white arrowheads), B- (black arrows), and C- capsids (black arrowheads).
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Drug inhibition experiments.  Confluent HF monolayers were pretreated with dynasore (#324410, Merck 
Millipore, Billerica, MA) or pitstop 2 (# ab120687, Abcam, Cambridge, MA) for 1 h, then infected with Towne 
or BAD32GFP23 virus at an MOI of 3.0 in medium containing drug for one hour, washed and thereafter incu-
bated for up to 5 days in the presence of drug. Triplicate samples were used for all drug block studies. Samples 
of infected-cells along with the medium were harvested at designated time points and stored at −​80 °C before 
titration by fluorescent focus assays on HF.

Microscopy.  Samples were prepared using established protocols for IFA and confocal fluorescence micros-
copy. Briefly, cells (HF) were grown on coverslip-inserts in 24 well tissue culture dishes and infected with an 
MOI of 3.0 at confluency. At the end point of experiment, cells were fixed in 3.7% formaldehyde for 10 min and 
were incubated in 50 mM NH4Cl in 1X PBS for 10 min to reduce autofluorescence. This was followed by wash-
ing in 1X PBS, incubation in 0.5% Triton X-100 for 20 min to permeabilize the cells and finally washing and 
incubation with primary and secondary antibodies at 1:1000 dilution in 0.1% bovine serum albumin in 1X PBS. 
Coverslips were retrieved from the wells and were mounted on glass slides with a drop of mounting medium 
(Gel/Mount, Biomeda, Foster city, CA) and dried overnight before imaging. Images were acquired on Zeiss Axio 
Imager A1 epifluorescent microscope using 40X or 100X objective. Samples for TEM were prepared by fixing 
the cells (HF) at endpoint in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 2 h at room tempera-
ture. Cells were then washed with the same buffer and postfixed with buffered 1.0% osmium tetroxide at room 
temperature for 1 h. Following several washes with 0.1 M cacodylate buffer, cells were dehydrated with ethanol, 
infiltrated, and embedded in Eponate 12 resin (Ted Pella Inc., Redding, CA). Cell culture plates were cracked with 
a hammer to release the resin after it had solidified, and ultrathin sections (60 to 70 nm) of monolayer cells were 
cut and counterstained using uranyl acetate and lead citrate. Examination of ultrathin sections was carried out 
on a Hitachi H-7500 TEM operated at 75 kV, and images were captured using a Gatan BioScan (Pleasanton, CA) 
charge-coupled device camera. The images were acquired and analyzed with the Digital Micrograph (Pleasanton, 
CA) software.

References
1.	 Blanchard, E. et al. Hepatitis C virus entry depends on clathrin-mediated endocytosis. J Virol 80, 6964–6972, doi: 10.1128/

JVI.00024-06 (2006).
2.	 Compton, T. & Fiere, A. Early events in human cytomegalovirus infection., p. 229–238. In A. M. Arvin, E. S. Mocarski, P. Moore, R. 

Whitley, K. Yamanishi, G. Campadelli-Fiume, and B. Roizman (eds), Human Herpesviruses: Biology, Therapy and 
Immunoprophylaxis. Cambridge Press, Cambridge (2007).

3.	 Ryckman, B. J., Jarvis, M. A., Drummond, D. D., Nelson, J. A. & Johnson, D. C. Human cytomegalovirus entry into epithelial and 
endothelial cells depends on genes UL128 to UL150 and occurs by endocytosis and low-pH fusion. J Virol 80, 710–722, doi: 10.1128/
JVI.80.2.710-722.2006 (2006).

4.	 Daecke, J., Fackler, O. T., Dittmar, M. T. & Krausslich, H. G. Involvement of clathrin-mediated endocytosis in human 
immunodeficiency virus type 1 entry. J Virol 79, 1581–1594, doi: 10.1128/JVI.79.3.1581-1594.2005 (2005).

5.	 Chen, C. & Zhuang, X. Epsin 1 is a cargo-specific adaptor for the clathrin-mediated endocytosis of the influenza virus. Proceedings 
of the National Academy of Sciences of the United States of America 105, 11790–11795, doi: 10.1073/pnas.0803711105 (2008).

6.	 Meertens, L., Bertaux, C. & Dragic, T. Hepatitis C virus entry requires a critical postinternalization step and delivery to early 
endosomes via clathrin-coated vesicles. J Virol 80, 11571–11578, doi: 10.1128/JVI.01717-06 (2006).

7.	 Snyers, L., Zwickl, H. & Blaas, D. Human rhinovirus type 2 is internalized by clathrin-mediated endocytosis. J Virol 77, 5360–5369 
(2003).

8.	 Grove, J. & Marsh, M. The cell biology of receptor-mediated virus entry. The Journal of cell biology 195, 1071–1082, doi: 10.1083/
jcb.201108131 (2011).

9.	 Perreira, J. M., Chin, C. R., Feeley, E. M. & Brass, A. L. IFITMs Restrict the Replication of Multiple Pathogenic Viruses. Journal of 
molecular biology, doi: 10.1016/j.jmb.2013.09.024 (2013).

10.	 Andersson, E. R. The role of endocytosis in activating and regulating signal transduction. Cellular and molecular life sciences: CMLS 
69, 1755–1771, doi: 10.1007/s00018-011-0877-1 (2012).

11.	 Gonnord, P., Blouin, C. M. & Lamaze, C. Membrane trafficking and signaling: two sides of the same coin. Seminars in cell & 
developmental biology 23, 154–164, doi: 10.1016/j.semcdb.2011.11.002 (2012).

12.	 Kelly, B. T. & Owen, D. J. Endocytic sorting of transmembrane protein cargo. Current opinion in cell biology 23, 404–412, doi: 
10.1016/j.ceb.2011.03.004 (2011).

13.	 Praefcke, G. J. et al. Evolving nature of the AP2 alpha-appendage hub during clathrin-coated vesicle endocytosis. The EMBO journal 
23, 4371–4383, doi: 10.1038/sj.emboj.7600445 (2004).

14.	 Brodsky, F. M. Diversity of clathrin function: new tricks for an old protein. Annual review of cell and developmental biology 28, 
309–336, doi: 10.1146/annurev-cellbio-101011-155716 (2012).

15.	 Owen, D. J. Linking endocytic cargo to clathrin: structural and functional insights into coated vesicle formation. Biochemical Society 
transactions 32, 1–14, doi: 10.1042/(2004).

16.	 Kibbey, R. G., Rizo, J., Gierasch, L. M. & Anderson, R. G. The LDL receptor clustering motif interacts with the clathrin terminal 
domain in a reverse turn conformation. The Journal of cell biology 142, 59–67 (1998).

17.	 Humphries, A. C. & Way, M. The non-canonical roles of clathrin and actin in pathogen internalization, egress and spread. Nature 
reviews. Microbiology 11, 551–560 (2013).

18.	 Huang, C., Chang, S. C., Yang, H. C., Chien, C. L. & Chang, M. F. Clathrin-mediated post-Golgi membrane trafficking in the 
morphogenesis of hepatitis delta virus. J Virol 83, 12314–12324, doi: 10.1128/JVI.01044-09 (2009).

19.	 Huang, C., Chang, S. C., Yu, I. C., Tsay, Y. G. & Chang, M. F. Large hepatitis delta antigen is a novel clathrin adaptor-like protein. J 
Virol 81, 5985–5994, doi: 10.1128/JVI.02809-06 (2007).

20.	 Wang, Y. C., Huang, C. R., Chao, M. & Lo, S. J. The C-terminal sequence of the large hepatitis delta antigen is variable but retains the 
ability to bind clathrin. Virology journal 6, 31, doi: 10.1186/1743-422X-6-31 (2009).

21.	 Indran, S. V., Ballestas, M. E. & Britt, W. J. Bicaudal D1-dependent trafficking of human cytomegalovirus tegument protein pp150 in 
virus-infected cells. J Virol 84, 3162–3177, doi: 10.1128/JVI.01776-09 (2010).

22.	 Li, X. et al. Bicaudal-D binds clathrin heavy chain to promote its transport and augments synaptic vesicle recycling. The EMBO 
journal 29, 992–1006, doi: 10.1038/emboj.2009.410 (2010).



www.nature.com/scientificreports/

1 1Scientific Reports | 7:46069 | DOI: 10.1038/srep46069

23.	 Moorman, N. J., Sharon-Friling, R., Shenk, T. & Cristea, I. M. A targeted spatial-temporal proteomics approach implicates multiple 
cellular trafficking pathways in human cytomegalovirus virion maturation. Molecular & cellular proteomics: MCP 9, 851–860, doi: 
10.1074/mcp.M900485-MCP200 (2010).

24.	 Xu, J. et al. Mechanism of polarized lysosome exocytosis in epithelial cells. Journal of cell science 125, 5937–5943, doi: 10.1242/
jcs.109421 (2012).

25.	 Toops, K. A. & Lakkaraju, A. Let’s play a game of chutes and ladders: Lysosome fusion with the epithelial plasma membrane. 
Communicative & integrative biology 6, e24474, doi: 10.4161/cib.24474 (2013).

26.	 Husain, M. & Moss, B. Role of receptor-mediated endocytosis in the formation of vaccinia virus extracellular enveloped particles. J 
Virol 79, 4080–4089, doi: 10.1128/JVI.79.7.4080-4089.2005 (2005).

27.	 Mocarski, E. S. Jr., Shenk, T. & Pass, R. F. Cytomegaloviruses., p. 2701–2772. In D. M. Knipe & P. M. Howley (eds), Fields Virology. 
5th Edition. Lippincott Williams & Wilkins, Philadelphia. (2006).

28.	 Compton, T., Nepomuceno, R. R. & Nowlin, D. M. Human cytomegalovirus penetrates host cells by pH-independent fusion at the 
cell surface. Virology 191, 387–395 (1992).

29.	 Macia, E. et al. Dynasore, a cell-permeable inhibitor of dynamin. Developmental cell 10, 839–850, doi: 10.1016/j.devcel.2006.04.002 
(2006).

30.	 McMahon, H. T. & Boucrot, E. Molecular mechanism and physiological functions of clathrin-mediated endocytosis. Nature reviews. 
Molecular cell biology 12, 517–533, doi: 10.1038/nrm3151 (2011).

31.	 von Kleist, L. et al. Role of the clathrin terminal domain in regulating coated pit dynamics revealed by small molecule inhibition. Cell 
146, 471–484, doi: 10.1016/j.cell.2011.06.025 (2011).

32.	 Dutta, D., Williamson, C. D., Cole, N. B. & Donaldson, J. G. Pitstop 2 is a potent inhibitor of clathrin-independent endocytosis. PloS 
one 7, e45799, doi: 10.1371/journal.pone.0045799 (2012).

33.	 Willox, A. K., Sahraoui, Y. M. & Royle, S. J. Non-specificity of Pitstop 2 in clathrin-mediated endocytosis. Biol Open 3, 326–331, doi: 
10.1242/bio.20147955 (2014).

34.	 Tandon, R., Mocarski. E. S. & Conway, J. F. The A, B, Cs of Herpesvirus Capsids. Viruses 7, 899–914 (2015).
35.	 Tandon, R., AuCoin, D. P. & Mocarski, E. S. Human cytomegalovirus exploits ESCRT machinery in the process of virion maturation. 

J Virol 83, 10797–10807, doi: 10.1128/JVI.01093-09 (2009).
36.	 Cepeda, V., Esteban, M. & Fraile-Ramos, A. Human cytomegalovirus final envelopment on membranes containing both trans-Golgi 

network and endosomal markers. Cellular microbiology 12, 386–404, doi: 10.1111/j.1462-5822.2009.01405.x (2010).
37.	 Harley, C. A., Dasgupta, A. & Wilson, D. W. Characterization of herpes simplex virus-containing organelles by subcellular 

fractionation: role for organelle acidification in assembly of infectious particles. J Virol 75, 1236–1251, doi: 10.1128/JVI.75.3.1236-
1251.2001 (2001).

38.	 Krzyzaniak, M. A., Mach, M. & Britt, W. J. HCMV-encoded glycoprotein M (UL100) interacts with Rab11 effector protein FIP4. 
Traffic 10, 1439–1457, doi: 10.1111/j.1600-0854.2009.00967.x (2009).

39.	 Martin-Serrano, J. & Neil, S. J. Host factors involved in retroviral budding and release. Nature reviews. Microbiology 9, 519–531, doi: 
10.1038/nrmicro2596 (2011).

40.	 Feng, Z. et al. A pathogenic picornavirus acquires an envelope by hijacking cellular membranes. Nature 496, 367–371, doi: 10.1038/
nature12029 (2013).

41.	 Mohl, B. P. & Roy, P. Bluetongue virus capsid assembly and maturation. Viruses 6, 3250–3270, doi: 10.3390/v6083250 (2014).
42.	 Benedicto, I. et al. Clathrin mediates infectious hepatitis C virus particle egress. J Virol, doi: 10.1128/JVI.03620-14 (2015).
43.	 Das, S., Vasanji, A. & Pellett, P. E. Three-dimensional structure of the human cytomegalovirus cytoplasmic virion assembly complex 

includes a reoriented secretory apparatus. J Virol 81, 11861–11869, doi: 10.1128/JVI.01077-07 (2007).
44.	 Tandon, R. & Mocarski, E. S. Control of cytoplasmic maturation events by cytomegalovirus tegument protein pp150. J Virol 82, 

9433–9444, doi: 10.1128/JVI.00533-08 (2008).
45.	 AuCoin, D. P., Smith, G. B., Meiering, C. D. & Mocarski, E. S. Betaherpesvirus-conserved cytomegalovirus tegument protein 

ppUL32 (pp150) controls cytoplasmic events during virion maturation. J Virol 80, 8199–8210, doi: 10.1128/JVI.00457-06 (2006).
46.	 Grose, C. M. L., Medigeshi, G., Scott, G. K. & Thomas, G. Endocytosis of Varicella Zoster Virus Glycoproteins: Virion Envelopment 

and Egress. In Alpha Herpesviruses: Molecular and Cellular Biology. Edited by Rozanne M Sandri-Goldin, 157–174 (2006).
47.	 Alconada, A., Bauer, U. & Hoflack, B. A tyrosine-based motif and a casein kinase II phosphorylation site regulate the intracellular 

trafficking of the varicella-zoster virus glycoprotein I, a protein localized in the trans-Golgi network. The EMBO journal 15, 
6096–6110 (1996).

48.	 Olson, J. K., Santos, R. A. & Grose, C. Varicella-zoster virus glycoprotein gE: endocytosis and trafficking of the Fc receptor. The 
Journal of infectious diseases 178 Suppl 1, S2–6 (1998).

49.	 Maresova, L., Pasieka, T. J., Homan, E., Gerday, E. & Grose, C. Incorporation of three endocytosed varicella-zoster virus 
glycoproteins, gE, gH, and gB, into the virion envelope. J Virol 79, 997–1007, doi: 10.1128/JVI.79.2.997-1007.2005 (2005).

50.	 Ward, B. M. The taking of the cytoskeleton one two three: how viruses utilize the cytoskeleton during egress. Virology 411, 244–250, 
doi: 10.1016/j.virol.2010.12.024 (2011).

51.	 Hertel, L. & Mocarski, E. S. Global analysis of host cell gene expression late during cytomegalovirus infection reveals extensive 
dysregulation of cell cycle gene expression and induction of Pseudomitosis independent of US28 function. J Virol 78, 11988–12011, 
doi: 10.1128/JVI.78.21.11988-12011.2004 (2004).

52.	 Newton, A. J., Kirchhausen, T. & Murthy, V. N. Inhibition of dynamin completely blocks compensatory synaptic vesicle endocytosis. 
Proceedings of the National Academy of Sciences of the United States of America 103, 17955–17960, doi: 10.1073/pnas.0606212103 
(2006).

53.	 Plemper, R. K. Cell entry of enveloped viruses. Curr Opin Virol 1, 92–100, doi: 10.1016/j.coviro.2011.06.002 (2011).
54.	 Strober, W. Trypan blue exclusion test of cell viability. Current protocols in immunology/edited by John E. Coligan …​ et al. Appendix 

3, Appendix 3B, doi: 10.1002/0471142735.ima03bs21 (2001).

Acknowledgements
We are thankful to Nathaniel Moorman at The University of North Carolina for the gift of BAD32GFP virus. 
Glenn Hoskins at the electron microscopy facility at The University of Mississippi Medical Center acquired the 
TEM data. The research was supported by American Heart Association Scientist Development Grant (Award 
14SDG20390009, PI: Tandon).

Author Contributions
M.A.A., T.M.B. and R.T. designed the experiments; M.A.A., T.M.B., L.E.D., R.C.P., M.H.H. and R.T. performed 
the experiments and analyzed the data; R.T. wrote and edited the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

http://www.nature.com/srep


www.nature.com/scientificreports/

1 2Scientific Reports | 7:46069 | DOI: 10.1038/srep46069

Competing Interests: The authors declare no competing financial interests.
How to cite this article: Archer, M. A. et al. Inhibition of endocytic pathways impacts cytomegalovirus 
maturation. Sci. Rep. 7, 46069; doi: 10.1038/srep46069 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Inhibition of endocytic pathways impacts cytomegalovirus maturation

	Results

	Inhibition of endocytosis inhibits HCMV replication. 
	Cellular entry of HCMV laboratory strains does not involve endocytic mechanisms. 
	Viral protein expression is not eliminated upon endocytic inhibition in fibroblasts. 
	Clathrin concentrates in vAC and co-localizes with the vAC marker pp150. 
	Late stages of cytoplasmic virus maturation are impaired upon dynamin and clathrin inhibition. 

	Discussion

	Materials and Methods

	Cells. 
	Antibodies, immunofluorescence assays and immunoblots. 
	Drug inhibition experiments. 
	Microscopy. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Inhibition of endocytosis impacts the growth of HCMV laboratory strains (Towne and AD169 (BAD32GFP)) in fibroblasts.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Effect of drug treatments on cell viability.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Entry of HCMV laboratory strains AD169 (BAD32) (A) and Towne (B) in HF upon treatment with pitstop 2, or dynasore as determined by expression of viral immediate early 1 (IE1) protein in infected cells.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Pitstop 2 or dynasore treatment does not eliminate the expression of viral early to late proteins in infected cells.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Co-localization of clathrin and pp150 during HCMV infection.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Co-localization of clathrin and pp150 during HCMV infection when cells were mock treated at infection or at consecutive days post infection.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Co-localization of clathrin and pp150 during HCMV infection when cells were dynasore treated at infection or at consecutive days post infection.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Co-localization of clathrin and pp150 during HCMV infection when cells were pitstop 2 treated at infection or at consecutive days post infection.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Transmission electron micrographs of HF cells that were either mock-treated (A,B and C) or treated with dynasore (100 μ​M) (D,E and F) or pitstop 2 (25 μ​M) (G,H and I) and then infected with HCMV (AD169) at an MOI of 3.



 
    
       
          application/pdf
          
             
                Inhibition of endocytic pathways impacts cytomegalovirus maturation
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46069
            
         
          
             
                Madeline A. Archer
                Teal M. Brechtel
                Leslie E. Davis
                Rinkuben C. Parmar
                Mohammad H. Hasan
                Ritesh Tandon
            
         
          doi:10.1038/srep46069
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46069
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46069
            
         
      
       
          
          
          
             
                doi:10.1038/srep46069
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46069
            
         
          
          
      
       
       
          True
      
   




