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Abstract: Human cytomegalovirus (CMV) utilizes different glycoproteins to enter into fibroblast
and epithelial cells. A trimer of glycoproteins H, L, and O (gH/gL/gO) is required for entry into all
cells, whereas a pentamer of gH/gL/UL128/UL130/UL131A is selectively required for infection of
epithelial, endothelial, and some myeloid-lineage cells, but not of fibroblasts. Both complexes are of
considerable interest for vaccine and immunotherapeutic development but present a conundrum:
gH/gL-specific antibodies have moderate potency yet neutralize CMV entry into all cell types,
whereas pentamer-specific antibodies are more potent but do not block fibroblast infection. Which
cell types and neutralizing activities are important for protective efficacy in vivo remain unclear.
Here, we present evidence that certain CMV strains have evolved polymorphisms in gO to evade
trimer-specific neutralizing antibodies. Using luciferase-tagged variants of strain TB40/E in which
the native gO is replaced by gOs from other strains, we tested the effects of gO polymorphisms on
neutralization by monoclonal antibodies (mAbs) targeting four independent epitopes in gH/gL that
are common to both trimer and pentamer. Neutralization of fibroblast entry by three mAbs displayed
a range of potencies that depended on the gO type, a fourth mAb failed to neutralize fibroblast
entry regardless of the gO type, while neutralization of epithelial cell entry by all four mAbs was
potent and independent of the gO type. Thus, specific polymorphisms in gO protect the virus from
mAb neutralization in the context of fibroblast but not epithelial cell entry. No influence of gO type
was observed for protection against CMV hyperimmune globulin or CMV-seropositive human sera,
suggesting that antibodies targeting protected gH/gL epitopes represent a minority of the polyclonal
neutralizing repertoire induced by natural infection.

Keywords: cytomegalovirus; neutralizing antibody; hyperimmune globulin; glycoprotein O; poly-
morphism; immune evasion

Viruses 2022, 14, 1508. https://doi.org/10.3390/v14071508 https://www.mdpi.com/journal/viruses

https://doi.org/10.3390/v14071508
https://doi.org/10.3390/v14071508
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0003-1936-0404
https://orcid.org/0000-0002-9872-3367
https://orcid.org/0000-0003-1420-2271
https://orcid.org/0000-0002-8057-1254
https://orcid.org/0000-0001-7949-7870
https://doi.org/10.3390/v14071508
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v14071508?type=check_update&version=2


Viruses 2022, 14, 1508 2 of 18

1. Introduction

Human cytomegalovirus (CMV) is transmitted primarily through saliva and urine
and infects a relatively high prevalence of human populations worldwide. CMV infections
can cause pneumonitis, retinitis, gastrointestinal disfunction, encephalitis, myocarditis,
and mortality in immunocompromised patients, often leading to graft rejection in solid
organ transplant recipients [1]. CMV is also the most common viral infection in utero,
affecting 0.05–1% of all pregnancies in the United States and Europe and 1–2% in developing
countries such as India and Brazil [2–4]. Transplacental transmission of CMV can occur
during primary maternal infection, or in the context of nonprimary infections, which
include reactivation from latency or superinfection by different CMV strains. However, the
rate of maternal–fetal transmission is higher for primary vs. nonprimary infections [5]. The
most common disability associated with congenital infection is sensorineural hearing loss,
affecting 50% of symptomatic and 10–15% of asymptomatic infants [6].

Treatment options for congenital CMV infections are limited. Currently approved an-
tivirals are associated with dose-limiting hematologic or renal toxicities, and consequently
their use is proscribed during pregnancy [7]. However, naturally acquired immunity to CMV
is both protective and beneficial, and CMV hyperimmune globulin (HIG, IgG isolated from
CMV-seropositive blood products) treatment shows benefits in ameliorating CMV disease in
transplant patients and in preventing and treating congenital CMV infections [8–10]. Con-
sequently, humoral immunity, whether vaccine-induced or passively acquired, has potential
value in the development of effective therapy or prophylaxis of congenital CMV disease.

CMV infects a variety of cell types in vivo, and while initial virion attachment is be-
lieved to occur via interactions between cell surface glycosaminoglycans and a heterodimer
of glycoproteins M and N (gM/gN), subsequent entry mechanisms are cell type-dependent
and mediated by different glycoprotein complexes on the viral envelope [11–13]. Thus,
whereas entry into fibroblasts requires glycoprotein B (gB) and a trimeric complex (trimer)
of glycoproteins H, L, and O (gH/gL/gO), entry into epithelial cells, endothelial cells, and
certain myeloid-lineage cells requires the trimer plus an additional pentameric complex
(PC) composed of gH/gL plus UL128, UL130, and UL131A [14–20]. Consequently, antibod-
ies targeting epitopes in gM/gN, gB, gH/gL, or gO have broad neutralizing abilities, while
antibodies targeting epitopes specific to the PC only neutralize CMV infection of those cell
types that require the PC for viral entry [21–26].

During fibroblast entry, the gH/gL/gO trimer interacts with its receptor, platelet-
derived growth factor receptor-alpha (PDGFRα) [27]. The gO component, encoded by the
UL74 open reading frame, is heavily glycosylated and highly polymorphic; consequently,
CMV strains cluster into eight distinct gO genotypes with the greatest sequence variability
residing in the first 100 residues [28–31].

In previous studies [32], we observed that certain monoclonal antibodies (mAbs)
specific to either a linear epitope in gH, or to a conformational epitope formed by gH and
gL, neutralized entry of certain CMV strains into epithelial cells, thus confirming effective
mAb/epitope engagement, but not into fibroblasts. As the trimer is required for entry into
fibroblasts, and as the trimer contains gO, these observations led to the hypothesis that
certain polymorphic versions of gO may have the ability to impair the neutralizing efficacy
of mAbs targeting epitopes in gH or gH/gL. That this interference is specific for fibroblast
and not epithelial cell entry follows from the fact that the PC, which lacks gO, is important
for epithelial but not fibroblast cell entry.

Evidence in support of this hypothesis, at least with regard to the linear gH epitope,
has been recently reported [33]. In the present work, chimeric viruses differing only in their
gO sequences were constructed and used to evaluate the ability of gO proteins representing
six different gO subtypes to influence the neutralizing activities of mAbs targeting: (i) four
distinct gH/gL epitopes; (ii) one gB epitope; and (iii) polyclonal antibodies induced by
natural infection. The results revealed that the gO type had little influence on epithelial
entry neutralization by any of the antibodies tested, nor on the ability of the gB-specific
mAb or of polyclonal antibodies to neutralize fibroblast entry. In contrast, one gH/gL-



Viruses 2022, 14, 1508 3 of 18

specific mAb failed to neutralize fibroblast entry regardless of the gO type, while fibroblast
entry neutralizing potencies of three additional mAbs targeting distinct gH or gH/gL
epitopes were profoundly influenced by the gO subtype. This inhibitory activity was
further mapped to the highly polymorphic N-terminal domain of gO.

2. Materials and Methods
2.1. Antibodies

Table 1 lists the characteristics of antibodies used in these studies, and Figure 1A
shows approximate locations of their binding sites within the gH/gL/gO trimer [34,35].
Rabbit mAbs 223.4 and 124.4, specific for gH or gH/gL epitopes, were derived following
immunization of a rabbit with an epitheliotropic variant of CMV strain AD169 [34]. Human
mAbs 3–16 and 1–32, specific gH/gL epitopes, were isolated from memory B cells from
healthy CMV-positive individuals [34]. TRL345 (Trellis Bioscience, Redwood City, CA,
USA), a gift from Laurence Kauvar, is a human mAb targeting the AD-2 (site I) epitope
of gB [36]. HIG (CytoGam®) was a gift from CSL Behring, King of Prussia, PA, USA.
Sera were acquired from two normal healthy adults with CMV seropositivity confirmed
by gB-ELISA [37]. Research conducted with human sera was approved by the Virginia
Commonwealth University Committee for the Conduct of Human Research.

Table 1. Antibody properties.

Type Antibody Target Species Epitope 1 Location 4

monoclonal

124.4 2 gH/gL site 6 rabbit C membrane
distal

223.4 2 gH site 8 rabbit L membrane
distal

3–16 2 gH/gL site 7 human C membrane
proximal

1–32 2 gH/gL site 5 human C membrane
distal

TRL345 3 gB human L

polyclonal

HIG pan CMV human P

human
serum 1 pan CMV human P

human
serum 2 pan CMV human P

1 nature of epitopes: linear (L), conformational (C), mixed/polyclonal (P); 2 [34]; 3 [36]; 4 epitope location relative
to membrane surface, determined by negative staining electron microscopy [34].

2.2. Cells and Viruses

Human MRC-5 lung fibroblasts (ATCC CCL-171) and ARPE-19 retinal pigment ep-
ithelium epithelial cells (ATCC CRL-2302) were obtained from ATCC and cultured in
Dulbecco’s modified Eagle’s Minimum Essential Medium (Gibco/Thermo Fisher, Waltham,
MA, USA) with 10% fetal bovine serum (Gemini) and 1% Penicillin Streptomycin Glutamine
(Gibco/Thermo Fisher, Waltham, MA, USA).
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Figure 1. (A) Structure of the CMV trimer illustrating relevant immunogenic sites. The CMV trimer, 
as determined by cryoelectron microscopy [35], indicates the locations of gO (blue), gL (red), and 
gH (green) with the C-terminal transmembrane domain of gH oriented at the bottom. Approximate 
locations of immunogenic sites and the mAbs that target each site were inferred from mAb-gH/gL 
or mAb-trimer complexes characterized by negative staining electron microscopy [34] and cryoelec-
tron microscopy [35]. (B) Schematic illustration of chimeric viruses. UL74 sequences encoding 
TB40/E gO in the parental virus GT1c were fully or partially replaced by UL74 sequences from the 
indicated CMV strains. All other sequences, including UL75 (encoding gH), are of the background 
strain TB40/E. 
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remaining 111 C-terminal amino acids from strain Han16. Genome sequences were ob-
tained using GenBank accession numbers for CMV strains AD169 (X17403.1), Towne 
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Figure 1. (A) Structure of the CMV trimer illustrating relevant immunogenic sites. The CMV trimer,
as determined by cryoelectron microscopy [35], indicates the locations of gO (blue), gL (red), and
gH (green) with the C-terminal transmembrane domain of gH oriented at the bottom. Approximate
locations of immunogenic sites and the mAbs that target each site were inferred from mAb-gH/gL or
mAb-trimer complexes characterized by negative staining electron microscopy [34] and cryoelectron
microscopy [35]. (B) Schematic illustration of chimeric viruses. UL74 sequences encoding TB40/E gO
in the parental virus GT1c were fully or partially replaced by UL74 sequences from the indicated CMV
strains. All other sequences, including UL75 (encoding gH), are of the background strain TB40/E.

Figure 1B illustrates the chimeric viruses used in these studies. All viruses were based
on GT1c, a variant of the CMV strain TB40/E derived from the bacterial artificial chro-
mosome (BAC) clone TB40-BAC4 [38] that had been modified to encode firefly luciferase
expressed from an SV40 promoter, as described previously [39]. Previous reports [40,41]
describe the construction of chimeric viruses GT4, GT1a, GT2b, GT3, and GT5 in which
UL74 sequences encoding gO in the parental strain GT1c were fully replaced by UL74
sequences from strains Towne, AD169, BE/29/2011, or Han16, respectively, and chimera
GT1c/3, which contains UL74 sequences encoding amino acids 1–107 from strain TB40/E
with the remaining 111 C-terminal amino acids from strain Han16. Genome sequences were
obtained using GenBank accession numbers for CMV strains AD169 (X17403.1), Towne
(GQ121041.1), BE/29/2011(KP745672.1), Han16 (JX512204.1), Merlin (NC_006273.2), and
for the TB40-BAC4 variant of strain TB40/E (EF999921).

Chimera GT1c/4 was constructed using GalK recombineering [42] and encodes
gO from strain TB40/E, except for residues 31–67, which are replaced by gO residues
31–64 from strain Towne. To construct GT1c/4, DNA from BAC clone GT1c was pu-
rified using a NucleoBond BAC 100 purification kit (Macherey-Nagel, Allentown, PA,
USA) and transformed into competent E. coli strain SW102 cells using a Gene Pulser
X cell electroporation system (Bio-Rad, Hercules, CA, USA). Colonies containing BAC
GT1c were isolated by selection on plates containing 12.5 µg/mL chloramphenicol. Us-
ing plasmid pGalK [42] as a template, a cassette encoding GalK flanked by 50-bp ho-
mologies to target sequences in the BAC was PCR amplified using primers UL74-galK-
FW (TTATATCACTGACTGTCCTGTTATTTTCTATAATAAACTGTAAGGTCGTTACGACT-
CACTATAGGGCGAATTGG3) and UL74-galK-RV (ATAGTAAGATTTTTAACGTGTTGCC-
TAGTCATATTGAAGTATTTTGTATAGCTATGACCATGATTACGCCAAGC). The product



Viruses 2022, 14, 1508 5 of 18

was digested with DpnI (New England Biolabs, Ipswich, MA, USA) then isolated by
electrophoresis on 0.9% SeaPlaque agarose (Lonza, Basel, Switzerland). The desired 1.5-
kb product was excised and extracted using the MinElute Gel Extraction kit (Qiagen,
Hilden, Germany). Competent E. coli SW102 cells containing BAC GT1c were prepared
as described [42] following incubation at 42 ◦C for five minutes to induce recombinase
expression. Cells were transformed with 100 ng of gel-purified PCR product by electropo-
ration at 25 mF and 1.75 kV and GalK-positive colonies were isolated on plates containing
0.2% D-galactose (Thermo Fisher, Waltham, MA, USA) and 12.5 µg/mL chloramphenicol.
Correct galK insertion was confirmed by PCR and targeted sequencing (eurofins).

Using Towne DNA as a template, a PCR product containing UL74 sequences from strain
Towne flanked by 50-bp homologies to sequences flanking the galk insertion was amplified us-
ing primers UL74-Towne-FW (TCTAAATTATTCTTTATTATATCACTGACTGTCCTGTTATTTTC-
TATAATAAACTGTAAGATCGCGGTAGCGCGTTTTCGAGTAAAGAGTCAGAAAGCAA
AAGAGGAAGAGAGGCAACTA) and UL74-Towne-RV (GGTCATATTCATAGTAAGATTTT-
TAACGTGTTGCCTAGTCATATTGAAGTATTTTGTATAATCACCTGTTTTTGACGCTAGTT
CTTGCAGTATACGTAATTTTAGTTGCCTCTCTTCCTC). The product was purified using the
MinElute PCR purification kit (Qiagen, Hilden, Germany) and transformed as above into in-
duced/competent E. coli SW102 cells containing the galK insertion mutant of BAC GT1c. Clones in
which galK was replaced by Towne UL74 sequences were isolated by counter-selection on plates
containing 0.2% 2-Deoxy-D-galactose (Alfa Aesar, Haverhill, MA, USA) and 12.5 µg/mL chloram-
phenicol. Correct insertion of Towne sequences in the resulting BAC clone, designated GT1c/4,
was confirmed by PCR and targeted sequencing (eurofins). GT1c/4 BAC DNA was prepared as
described above and transfected into MRC-5 cells using effectene transfection reagent (Qiagen,
Hilden, Germany), as previously described [41,43]. Virus stocks were derived from infected cell
culture supernatants, adjusted to 0.2 M sucrose, and stored in liquid nitrogen. Viral titers were
determined using MRC-5 cells as described [43].

2.3. Immunofluorescence-Based Neutralization Assays

Approximately 300 PFU of each chimeric virus were incubated with mAbs at a final
concentration of 100 µg/mL for one hour (h) at 37 ◦C, then transferred to black-walled clear-
bottom 96-well plates (Corning) containing confluent MRC-5 or ARPE-19 cell monolayers.
Immunofluorescence staining was performed as previously described [44]. After incuba-
tion for 48 h at 37 ◦C the cells were fixed with 3% formaldehyde in phosphate-buffered
saline (PBS, Fisher Bioreagents) at room temperature (RT) for 30 min (min), permeabilized
with 0.5% Triton-×100 in PBS on ice for 20 min, and blocked with 20% fetal bovine serum
in 1× PBS for 30 min. Cells were then incubated for 1 h with mouse monoclonal anti-
body MAB810 (1:600; EMD MilliporeSigma, Burlington, MA, USA) specific for an epitope
common to the CMV Immediate Early 1 and Immediate Early 2 (IE1/2) proteins, washed
with blocking buffer, and incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG
(1:200; Life Technologies/Thermo Fisher, Waltham, MA, USA) for one hour at RT. Images of
fluorescently labeled cells were obtained using a Nikon Eclipse TS100 microscope equipped
with a digital camera and NIS-Elements version 4.0.

2.4. Luciferase-Based Neutralization Assays

Serial dilutions of each virus stock were used to infect black-walled clear-bottom
96-well plates containing confluent MRC-5 or ARPE-19 cell monolayers. After incubation
for 48 h at 37 ◦C, 100 µL of Steady-Glo Luciferase substrate (Promega, Madison, WI, USA)
was added to each well and after incubation at RT for an additional 10 min, relative
luminescence units (RLU) were measured using a SynergyTM HTX Multi-Mode Microplate
Reader (BioTek, Winooski, VT, USA). The amounts of each virus stock needed to generate a
signal of 10,000–20,000 RLU at 48 h post-infection (hpi) were determined from the resulting
dose–response curves. This amount of each virus was then mixed with serial dilutions
of mAbs, HIG, or human sera, incubated for 1 h at 37 ◦C, and transferred in triplicate to
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96-well cultures containing confluent MRC-5 or ARPE-19 monolayers. After 48 h RLU were
measured as above.

2.5. Statistical Analyses

The 50% inhibitory concentration (IC50) values were determined using Prism 5 (Graph-
Pad Software, Inc., San Diego, CA, USA) as the inflection points of four-parameter curves
fitted by non-linear regression to plots of mean relative fluorescent units (from triplicate
wells) vs. Log (antibody concentration) as described previously [45]. Where neutralization
did not reach 100%, IC50 values were reported as the antibody concentration at which
the fitted curve intersected the 50% inhibition line. Where neutralization did not reach
50%, IC50 values were reported as >50 µg/mL, the highest antibody concentration used.
Luciferase-based assays were repeated at least twice with similar results.

3. Results

In a previous study [34] a panel of mAbs was used to define antigenic sites in the PC
containing neutralizing epitopes. Antibodies to sites 1–4 were determined to be specific to
the PC because they bound to recombinant PC but not to gH/gL and neutralized epithelial
but not fibroblast cell entry, while antibodies to sites 5–8 were determined to be gH/gL-
specific because they bound to both the PC and gH/gL. Based on negative staining electron
microscopy, sites 5–8 mapped either to membrane proximal or distal regions of the trimer
(Figure 1A). Antibodies targeting sites 5–7 neutralized epithelial cell entry by a wide range
of CMV strains, while those to site 8 exhibited considerable strain specificity [34]. Despite
neutralizing epithelial cell entry, mAbs to sites 5 and 8 failed to neutralize fibroblast entry
of an epitheliotropic variant of strain AD169 [34]. In subsequent studies site 6 mAbs were
found to neutralize epithelial but not fibroblast cell entry of an epitheliotropic variant of
strain Towne [32]. These findings raised the possibility that certain gH/gL epitopes may be
accessible to mAb binding in the context of the PC, resulting in neutralization of epithelial
cell entry, while in the context of the trimer access might be prevented or precluded by
certain forms of gO; thus, selectively disrupting their ability to neutralize fibroblast entry.
To address this hypothesis we utilized chimeric viruses in which UL74 sequences (encoding
gO) from various CMV strains were genetically swapped for the native UL74 sequences in
parental virus GT1c, a BAC-cloned virus derived from CMV strain TB40/E [40] (Figure 1B).

3.1. Towne gO Inhibits the Ability of mAbs Targeting Epitopes in Sites 6 and 8 of gH/gL to
Neutralize Fibroblast Entry

In an initial pilot study to validate our hypothesis, mAb neutralizing activities were
evaluated against the parental GT1c virus, containing the UL74 sequence from TB40/E,
or against GT4, a variant derived from GT1c in which the native UL74 was replaced with
UL74 from strain Towne (Figure 1B) [40]. The two viruses were incubated with mAb 223.4,
which targets a linear gH epitope in site 8, with mAb 124.4, which targets the gH/gL
conformational epitope in site 6, or with mAb TRL345, which targets a highly conserved
linear epitope in gB (Table 1). Following incubation to allow virion/mAb binding, replicate
mixtures were added to monolayers of MRC-5 fibroblasts or ARPE-19 epithelial cells. Viral
entry was assessed at 48 hpi by immunofluorescence staining for the CMV IE1/2 proteins.
Both 124.4 and 223.4 mAbs significantly reduced fibroblast entry of virus GT1c, yet neither
strongly impacted fibroblast entry of virus GT4. In contrast, epithelial entry of both viruses
was similarly reduced by mAbs 124.4 and 223.4, and both viruses were fully neutralized by
the gB-specific mAb TRL345 regardless of the target cell type (Figure 2). As GT4 and GT1c
do not differ with respect to the epitopes targeted by these antibodies but differ only with
respect to the gO type, these results suggest that Towne gO is able to impair the neutralizing
activities of mAbs 124.4 and 223.4 in the context of fibroblast but not of epithelial cell entry.
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incubated for 1 h at 37 ◦C in medium (Ø) or medium containing 100 µg/mL of mAbs 223.4, 124.4,
or TRL345, then added to MRC-5 fibroblast or ARPE-19 epithelial cell monolayers in 96-well plates.
Following incubation at 37 ◦C for 48 h, infected cells were detected by immunofluorescent staining
for the CMV IE1/2 proteins. Representative images are shown.

3.2. Quantitative Luciferase-Based Assays Confirm That Towne gO Inhibits the Ability of mAbs
Targeting gH/gL Epitopes in Sites 6, 7, and 8 to Neutralize Fibroblast Entry

When measured at 48 hpi the luminescence signal produced by the luciferase reporter
cassette encoded by viruses GT4 and GT1c [40] is proportional to viral entry [46]. Luciferase-
based neutralizing assays were therefore performed to quantitatively evaluate the impact
of Towne gO on the neutralizing activities of mAbs. In addition to mAbs 124.4 and 223.4
targeting sites 6 and 8 (described above), mAb 1–32 targeting site 5 and mAb 3–16 targeting
site 7 were evaluated. Results clearly show that Towne gO profoundly impaired the ability
of mAbs 223.4, 124.4, and 3–16 to block viral entry into fibroblasts (Figure 3A, Table 2).
At the highest concentration tested (100 µg/mL) 223.4 reduced GT1c infectivity by 63%
but only reduced GT4 by 21%; similarly, 124.4 reduced GT1c infectivity by 92% and GT4
by 36%, while 3–16 reduced GT1c infectivity 88% and GT4 by 46% (Table 3). Consistent
with our initial finding that mAb 1–32 neutralizes epithelial but not fibroblast entry of a
variant of strain AD169 [34], 1–32 failed to reduce fibroblast infectivity of either GT1c or
GT4 even at 100 µg/mL (Figure 3A, Table 2). In contrast, the gB-specific TRL345 mAb fully
neutralized fibroblast infectivity of both viruses (Figure 3A, Table 2). Parallel experiments
using ARPE-19 epithelial cells as targets confirmed the ability of 1–32 to neutralize epithelial
cell entry but revealed no significant impact of the gO type on neutralization by 1–32 or
any of the other mAbs tested (Figure 3B, Table 2).
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Figure 3. Towne gO impairs fibroblast entry neutralization by mAbs targeting three independent
gH/gL epitopes but does not impact net neutralizing activities of anti-CMV antibodies induced
by natural infection. Viruses GT1c or GT4 were incubated for 1 h at 37 ◦C with serial dilutions of
mAbs, HIG, or human sera, then added in triplicate to 96-well cultures of MRC-5 fibroblasts (A,C) or
ARPE-19 epithelial cells (B). After incubation at 37 ◦C for 48 h, luciferase activity in each well was
measured and the % of maximal luciferase activity (means of triplicate wells) was plotted vs. log of
antibody concentration or dilution.

Table 2. IC50 concentrations (µg/mL) 1 for mAb neutralization of fibroblast (F) or epithelial (E) cell entry.

Virus gO
223.4 124.4 3–16 1–32 TRL345

F E F E F E F E F E

GT1c TB40/E 13.97 0.60 1.66 0.15 0.92 0.07 >50 0.008 0.62 0.40

GT1a AD169 >50 0.41 2.60 0.11 5.55 0.22 >50 0.01 0.99 0.38

GT2b BE/29/2011 >50 0.49 >50 0.08 1.15 0.11 >50 0.007 2.02 0.29

GT3 Han16 >50 0.40 17.75 0.06 2.09 0.21 >50 0.02 1.95 0.34

GT5 Merlin >50 0.38 7.99 0.06 1.42 0.15 >50 0.009 1.86 0.24

GT4 Towne >50 0.64 >50 0.14 >50 0.27 >50 0.02 0.47 0.25
1 concentration of mAb required to reduce luciferase activity by 50%; >50 indicates mAb failed to achieve 50%
reduction at the highest concentration tested (50 µg/mL).
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Table 3. Reduction in fibroblast infectivity following mAb neutralization 1.

Virus gO
Reduction in Fibroblast Infectivity (%)

223.4 124.4 3–16

GT1c TB40/E S 2 (63) S (92) S (88)

GT1a AD169 R 3 (33) S (78) R (52)

GT2b BE/29/2011 R (17) R (44) S (77)

GT3 Han16 R (15) S (65) S (73)

GT5 Merlin R (21) S (72) S (75)

GT4 Towne R (21) R (35) R (46)

GT1c/3 TB40/E/Han16 R (54) S (84) S (88)

GT1c/4 TB40/E/Towne R (14) R (55) R (57)
1 100 µg/mL mAb; 2 sensitive (>60% reduction); 3 resistant (<60% reduction).

3.3. Inhibition by Towne gO Is Not Sufficient to Influence the Net Neutralizing Activities of
Polyclonal Antibodies Induced by Natural Infection

The neutralizing activity of HIG or sera from CMV-infected individuals is the aggregate
result from antibodies targeting a broad range of neutralizing epitopes in several viral
envelope glycoprotein complexes. However, antibodies to gB dominate the neutralizing
activity affecting fibroblast entry [47–49] while antibodies to the PC dominate the activity
affecting epithelial cell entry [27,50]. Although the inhibitory effects of gO are likely to be
restricted to a limited number of epitopes within gH/gL, the type of gO could have an
influence if a significant portion of the neutralizing activity induced by natural infection
is attributable to antibodies targeting these gH/gL epitopes. Thus, to determine if gO
type alters the neutralizing potency of polyclonal antibody mixtures induced by natural
CMV infection, GT1c and GT4 were again used in fibroblast-based assays to evaluate
the neutralizing activities of HIG, as well as sera from two individual CMV-seropositive
donors. For all three samples, the neutralization curves generated with GT1c and GT4
were superimposable (Figure 3C), indicating that any influence of Towne gO on inhibiting
the activity of antibodies specific to gH/gL epitopes is not sufficient to perturb the net
neutralizing effects of these complex polyclonal antibody mixtures.

3.4. Inhibition Extends to Other gO Types and Is Epitope-Specific

As illustrated in Figure 4, CMV gO exhibits significant strain polymorphism, particu-
larly in the N-terminal 100 residues. In addition to strain Towne, prior studies indicated
that fibroblast entry of strain AD169 is resistant to mAbs targeting gH/gL epitopes in sites 5
and 8 [32,34]. To assess the extent to which gO types from AD169 or other CMV strains may
influence neutralizing activities, additional chimeric viruses were constructed in which
UL74 in GT1c was replaced with UL74 sequences from CMV strains AD169 (GT1a), Merlin
(GT5), Han 16 (GT3), or BE/29/2011 (GT2b) (Figure 1B). Luciferase-based neutralization
assays were performed with the additional chimeric viruses. Among the panel of chimeric
viruses, GT1c, encoding TB40/E gO, was consistently the most sensitive to mAbs.
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gO amino acid sequences from CMV strains TB40/E, AD169, Merlin, Han16, BE/29/2011, and
Towne were aligned using clustalW. Numbers refer to amino acid positions in Merlin gO; the red box
indicates the most highly polymorphic region.

223.4, 124.4, and 3–16, while GT4 (encoding Towne gO) was consistently among the
most resistant to all three antibodies (Figure 5A). Interestingly, some gO types exhibited
differential/epitope-specific resistance. For example, viruses GT5, GT3, and GT2b (encod-
ing gOs from Merlin, Han 16, and BE/29/2011, respectively) were highly resistant to 223.4,
moderately resistant to 124.4, and relatively sensitive to 3–16, while virus GT1a (encoding
gO from AD169) was sensitive to 124.4 but relatively resistant to 223.4 and 3–16 (Figure 5A).
In contrast, mAb 1–32 was ineffective in neutralizing fibroblast entry regardless of gO type,
even at the highest concentration of 100 µg/mL (Figure 5A). As before, the gB-specific
TRL345 mAb fully neutralized fibroblast infectivity of all six chimeric viruses (Figure 5A),
and parallel experiments using ARPE-19 epithelial cells as targets revealed no significant
impact of the gO type on neutralization by the five mAbs tested (Figure 5B, Table 2).
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Figure 5. Other gO types influence fibroblast entry neutralization by gH/gL-specific mAbs in an
epitope-specific manner. Four additional TB40/E-background chimeric viruses encoding gOs from
strains AD169, Merlin, Han16, or BE/29/2011 were used in fibroblast (A) or epithelial cell (B) entry
neutralizing assays as described in Figure 3.

3.5. Inhibition by Towne gO Maps to the Polymorphic N-Terminal Region of gO

While the overall amino acid identity between TB40/E and Towne gO is 76%, the
majority of polymorphisms lie within the first 100 residues, where the amino acid identity
is only 43% (Figure 4, red box). To determine if this region is important for inhibitory
activity, two gO partial chimeric viruses, GT1c/3 and GT1c/4 (Figure 1B), were evaluated.
Virus GT1c/3 encodes the N-terminal 107 residues from TB40/E gO (Figure 6A, red) with
the remainder of the gO protein from Han 16 (Figure 6A, blue), and virus GT1c/4 encodes
N- and C-terminal gO sequences from TB40/E (Figure 6A, red) but residues 31–67 from
the homologous region (residues 31–64) of Towne (Figure 6A, black). Luciferase-based
neutralization assays were performed on the two partial chimeras and compared to viruses
expressing complete gO sequences from strains Towne, Han 16, or TB40/E. Sensitivity or
resistance of the partial chimeras to mAb neutralization of fibroblast entry was determined
by their N-terminal gO sequences. Thus, virus GT1c/3, encoding the N-terminal gO
sequence from TB40/E, remained sensitive to mAbs 223. 4 or 124.4 to an extent similar to
that of virus GT1c, encoding the full-length native TB40/E gO. In contrast, virus GT1c/4,
in which N-terminal sequences of gO were replaced by residues from strain Towne, was
resistant to mAbs 223.4, 124.4, and 3–16 (Figure 6B). As in previous experiments, mAb
1–32 could not neutralize fibroblast entry of GT1c/3 or GT1c/4 and no significant impact
of the gO type was observed on neutralization by the gB-specific mAb TRL345 or on
neutralization of epithelial cell entry by the five mAbs tested (Figure 6B,C).
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4. Discussion 
CMV is among the most common pathogens that cause opportunistic diseases in im-

munocompromised individuals such as transplant and AIDS patients [51]. Disease is com-
monly associated with reactivation of latent CMV, re-infection with different CMV strains 
(superinfection), or primary infection arising from transplantation of infected tissues or 
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evasion of CD8+ T cell recognition of infected cells by viral inhibitors of major histocom-
patibility complex class I expression [62]. While the importance of CMV evasion of anti-
body mechanisms is less understood, polymorphisms in viral glycoproteins, particularly 
those directly or indirectly impacting neutralizing epitopes, suggest that evolutionary 
pressures have favored mutations to evade recognition by antibodies targeting specific 
epitopes. 
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Figure 6. Inhibitory activity maps to the polymorphic N-terminal region of gO. (A) Predicted gO
amino acid sequences from CMV strains TB40/E (red), Towne (black), and Han16 (blue) were aligned
using clustalW to illustrate the respective sequences in intrastrain gO chimeras GT1c/3 and GT1c/4.
Intrastrain gO chimeric viruses GT1c/3 and GT1c/4 were used in fibroblast (B) or epithelial cell (C)
entry neutralizing assays as described in Figure 3. Data from chimeras encoding full-length gOs that
comprise parts of each intrastrain gO chimera are included for comparison.

4. Discussion

CMV is among the most common pathogens that cause opportunistic diseases in
immunocompromised individuals such as transplant and AIDS patients [51]. Disease is
commonly associated with reactivation of latent CMV, re-infection with different CMV
strains (superinfection), or primary infection arising from transplantation of infected tissues
or organs [52,53]. In the congenital infection setting over two-thirds of newborns infected
in utero are born to women who were infected prior to pregnancy [54–56], indicating
that preexisting cellular and humoral maternal immunity does not fully prevent placental
transmission [57–61]. A study in rhesus CMV demonstrated that superinfection requires
evasion of CD8+ T cell recognition of infected cells by viral inhibitors of major histocompat-
ibility complex class I expression [62]. While the importance of CMV evasion of antibody
mechanisms is less understood, polymorphisms in viral glycoproteins, particularly those
directly or indirectly impacting neutralizing epitopes, suggest that evolutionary pressures
have favored mutations to evade recognition by antibodies targeting specific epitopes.
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In the current study, gO sequences from various CMV strains were found to act in
trans to protect neutralizing epitopes in the gH/gL dimer. These results are consistent
with earlier observations that resistance to inhibition of spread by gH-specific mAbs C2
and 14–4b correlates with strain differences in gO but not gH [31], and that deletion of
the UL74 gene enhances sensitivity to inhibition of spread by gH-specific mAb 14–4b and
gB-specific mAb C23 [63]. In a more recent study, Day et al. found that a chimeric virus
expressing gO from strain TB40/E in the strain TR background was more sensitive to
fibroblast entry neutralization by gH-specific mAbs 14–4b and AP86-SA4 than viruses
expressing the native gO of strain TR or a heterologous gO from strain Towne [33]. As
AP86-SA4 recognizes a linear epitope in site 8 [33], the results for AP86-SA4 are therefore
analogous to and consistent with our results for mAb 223.4. Although 14–4b targets a
membrane-proximal epitope [64] it is not known if this corresponds to site 7 or comprises
an epitope that is not among those defined by the mAbs shown in Figure 1A. In any case,
the present study extends the phenomenon of gO-mediated epitope protection in trans to
four distinct gH/gL epitopes and gOs representing six different subtypes. Moreover, the
results from gO chimeras determined that the region of gO that confers epitope protection
in trans corresponds to the highly polymorphic N-terminal 98 amino acids, with residues
31–64 from gO of strain Towne being sufficient to confer resistance.

Based on negative staining electron microscopy of mAb-gH/gL complexes [34], site 5 is
near the apical/membrane-distal end of gH/gL (Figure 1A). A recent cryoelectron microscopy
structure of mAb 1–32 bound to site 5 in the pentamer places site 5 at the gL/UL128 inter-
face [65]. As gO covers a larger footprint on gL than UL128 [35], the 1–32 epitope may simply
be occluded by gO in the context of the trimer. However, Kschonsak et al. also noted that in
the pentamer gL residues A131 to V151 form a helix at the interface and disulfide bond with
UL128, while in the trimer the same residues interface with gO but the helix is disrupted to
form a loop [35]. Thus, it is possible that gO perturbs the local gL structure sufficiently to alter
the topology of the nearby 1–32 epitope. In either case, that 1–32 fails to neutralize fibroblast
entry by all gO chimera viruses tested indicates that this is a universal effect of gO and is not
specific to certain gO types.

Negative staining electron microscopy and mAb binding competition experiments
indicate that sites 5 and 6 are adjacent or partially overlap [34]. Site 8 presumably lies
slightly more distal from gO than sites 5 and 6 (Figure 1A), although the exact location
of the linear epitope recognized by mAb 223.4 is uncertain because it lies within an un-
structured N-terminal region of gH [35]. Despite the apparent close proximity of sites
6 and 8 to site 5, fibroblast entry neutralizing activities of mAbs targeting sites 6 and 8
were differentially affected by different gO types. This may again suggest occlusion of
sites 6 or 8 by certain gOs due to larger footprints of their gO-gL interfaces, or perhaps
differential perturbation gL structure by different gOs. Site 7, however, appears to be far
more membrane-proximal based on negative staining electron microscopy [34], and yet
remains differentially influenced by gO polymorphisms. This large physical distance from
gO suggests that occlusion of site 7 by some gO types is unlikely. Thus, conformational
changes in gH/gL induced by binding of certain gO types may act to disrupt mAb binding
to distal sites in the trimer, or alternatively, may permit mAb binding but mitigate their
neutralizing effects, for instance by promoting downstream interactions between trimer
and gB despite the presence of bound mAbs. Trimer-mAb binding studies as well as high
resolution structures of mAb-binding epitopes in trimers containing different gO types are
needed to resolve these mechanistic details.

While it is possible that the gO type could alter the levels of trimer in virions, thus
impacting the neutralizing activities of trimer-specific neutralizing antibodies, previous
studies have shown that gO-chimeric viruses retain the ability to infect epithelial cells and
fibroblasts [41] and that gH and gO levels in virions of viruses GT3, GT4, and GT5 are
comparable to those of the parental virus GT1c [40,41]. Similarly, Day et al. showed that
replacing gO in strain TR or Merlin backgrounds does not alter trimer/pentamer ratios



Viruses 2022, 14, 1508 14 of 18

compared to the parental viruses [33]. Thus, the impact of gO polymorphisms on mAb
neutralizing activities does not appear to be related to variations in virion trimer levels.

The N-terminus of gO is important for trimer binding to its cellular receptor PDGFRα
on fibroblasts [28,66,67]. Although polymorphisms in gO may affect some of the recently
identified trimer-PDGFRα interaction surfaces [35], data from Brait et al. showed that
PDGFRα-Fc completely inhibits fibroblast infectivity of all gO-chimeric mutants in the GT
series, indicating that replacing gO from different CMV strains does not significantly alter
PDGFRα binding [41]. Based on the structure of the trimer, mAbs to site 7 and perhaps
also sites 6 and 8 appear unlikely to interfere with PDGFRα binding. Thus, antibodies
to these sites might neutralize by disrupting trimer interactions with gB or by interfering
with conformational changes in gH/gL, driven by PDGFRα binding, that serve to promote
trimer-gB interactions leading to membrane fusion. Further studies, particularly to assess
the impact of gOs from different strains on mAb-trimer binding, will help to elucidate
these mechanisms.

Like gO, gN is heavily glycosylated, exhibits extensive amino acid sequence polymor-
phism, and mediates neutralizing epitope protection in trans. The mechanism of protection
has been linked to glycosylation, as mutations in gN that reduce its glycosylation enhanced
sensitivity to antibodies targeting epitopes in gB and gH, in addition to gN [68]. Recent
cryoelectron microscopy studies on the prefusion structure of gB revealed a potential in-
teraction between prefusion gB and the membrane proximal side of gH [69], suggesting
that the influence of certain gO types could potentially extend to neutralizing epitopes
in gB. This was not the case, however, at least for one linear epitope in the AD-2 site of
gB, as mAb TRL345, specific to this epitope, neutralized both fibroblast and epithelial
infectivity of all six chimeric gO viruses with similar potencies. The possibility remains,
however, that gO polymorphisms influence neutralizing epitopes in gB more proximal to
a proposed gB-trimer interface [70,71]. However, given that fibroblast entry neutralizing
activity of HIG or CMV-positive human sera was also not influenced by gO subtype, and
that much of the neutralizing activity in these polyclonal mixtures is mediated by gB- or
gM/gN-specific antibodies [47,72,73], it is probable that gO-mediated protection applies
primarily to gH/gL epitopes; consequently, antibodies to gB, gM, or gN epitopes that
are not influenced by gO may dominate, while the contributions of gO-protected gH/gL
epitopes comprise a minority of the aggregate neutralizing activity of these polyclonal
antibody mixtures. Whether gO-mediated resistance in trans involves glycan shielding, as
proposed for gN [68], or extends to neutralizing epitopes in other CMV glycoproteins, such
as gB, gM, or gN, will require further study.

Protection in trans by gO may allow escape from neutralizing antibodies targeting
gH/gL epitopes induced by a previous infection, and therefore provide advantages during
reinfection. As the epitopes are presumably protected regardless of their polymorphisms,
this mechanism of antibody evasion would be equally effective in the context of prior
immunity induced by strains with the same or similar epitopes or by the same strain,
as occurs when CMV reactivates from latency. Why certain strains such as Towne have
acquired this mechanism of neutralizing antibody evasion while others, such as TB40/E
have not, remains a mystery. However, it is possible that the TB40/E gO provides other
advantages; for example, it may protect other epitopes in gH/gL that have not as yet
been identified.

While the importance or clinical relevance of protecting epitopes in gH/gL is not
known, that the linear epitope at site 8 is polymorphic [32] suggests that protecting this
epitope from antibody recognition conferred an advantage at some point in CMV’s evo-
lution. However, given that the neutralizing potency of polyclonal antibodies induced
by CMV infection is not measurably affected by gO type, such advantages may be subtle
or limited to certain circumstances in vivo. Consequently, their impact may only manifest
in the context of population dynamics over multiple host infections. Nevertheless, that
CMV has evolved elaborate mechanisms to avoid neutralization by mAbs targeting gH/gL,
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and specifically to protect fibroblast and not epithelial cell entry, suggests that fibroblast
infection may have special importance for the natural history of CMV infections.

Author Contributions: Conceptualization, M.A.M., L.H. (Laura Hertel), I.G. and X.C.; investigation,
L.H. (Li He), S.T., C.C. and J.K.; resources, T.-M.F., D.F. and D.W.; writing—original draft preparation,
L.H. (Li He); writing—review and editing, L.H. (Li He), I.G., D.W., L.H. (Laura Hertel) and M.A.M.;
supervision, L.H. (Li He), M.A.M. and I.G.; project administration, M.A.M. and I.G.; funding acquisi-
tion, M.A.M. and L.H. (Laura Hertel). All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Institutes of Health grant R01AI128912 to M.M.
and L.H and by the Austrian Science Fund grant P26420-B13 to I.G.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Virginia Commonwealth University
(protocol HM11785, approved 21 June 2013) for studies involving humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Barbara Adler for providing BAC clone TB40-BAC4-luc,
Laurence Kauvar for providing mAb TRL345, and CSL Behring for providing CytoGam®.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Cannon, M.J.; Hyde, T.B.; Schmid, D.S. Review of cytomegalovirus shedding in bodily fluids and relevance to congenital

cytomegalovirus infection. Rev. Med. Virol. 2011, 21, 240–255. [CrossRef] [PubMed]
2. Manicklal, S.; Emery, V.C.; Lazzarotto, T.; Boppana, S.B.; Gupta, R.K. The “silent” global burden of congenital cytomegalovirus.

Clin. Microbiol. Rev. 2013, 26, 86–102. [CrossRef] [PubMed]
3. Kenneson, A.; Cannon, M.J. Review and meta-analysis of the epidemiology of congenital cytomegalovirus (CMV) infection. Rev.

Med. Virol. 2007, 17, 253–276. [CrossRef] [PubMed]
4. Ludwig, A.; Hengel, H. Epidemiological impact and disease burden of congenital cytomegalovirus infection in Europe. Euro

Surveill. 2009, 14, 26–32. [CrossRef] [PubMed]
5. Pass, R.F.; Anderson, B. Mother-to-Child Transmission of Cytomegalovirus and Prevention of Congenital Infection. J. Pediatr.

Infect. Dis. Soc. 2014, 3 (Suppl. 1), S2–S6. [CrossRef]
6. Dollard, S.C.; Grosse, S.D.; Ross, D.S. New estimates of the prevalence of neurological and sensory sequelae and mortality

associated with congenital cytomegalovirus infection. Rev. Med. Virol. 2007, 17, 355–363. [CrossRef]
7. Lurain, N.S.; Chou, S. Antiviral drug resistance of human cytomegalovirus. Clin. Microbiol. Rev. 2010, 23, 689–712. [CrossRef]
8. La Torre, R.; Nigro, G.; Mazzocco, M.; Best, A.M.; Adler, S.P. Placental enlargement in women with primary maternal cy-

tomegalovirus infection is associated with fetal and neonatal disease. Clin. Infect. Dis. 2006, 43, 994–1000. [CrossRef]
9. Nigro, G.; La Torre, R.; Pentimalli, H.; Taverna, P.; Lituania, M.; de Tejada, B.M.; Adler, S.P. Regression of fetal cerebral

abnormalities by primary cytomegalovirus infection following hyperimmunoglobulin therapy. Prenat. Diagn. 2008, 28, 512–517.
[CrossRef]

10. Maidji, E.; Nigro, G.; Tabata, T.; McDonagh, S.; Nozawa, N.; Shiboski, S.; Muci, S.; Anceschi, M.M.; Aziz, N.; Adler, S.P.; et al.
Antibody treatment promotes compensation for human cytomegalovirus-induced pathogenesis and a hypoxia-like condition in
placentas with congenital infection. Am. J. Pathol. 2010, 177, 1298–1310. [CrossRef]

11. Compton, T.; Nowlin, D.M.; Cooper, N.R. Initiation of human cytomegalovirus infection requires initial interaction with cell
surface heparan sulfate. Virology 1993, 193, 834–841. [CrossRef] [PubMed]

12. Kari, B.; Gehrz, R. Structure, composition and heparin binding properties of a human cytomegalovirus glycoprotein complex
designated gC-II. J. Gen. Virol. 1993, 74 Pt 2, 255–264. [CrossRef] [PubMed]

13. Compton, T. Receptors and immune sensors: The complex entry path of human cytomegalovirus. Trends Cell Biol. 2004, 14, 5–8.
[CrossRef] [PubMed]

14. Zhou, M.; Lanchy, J.M.; Ryckman, B.J. Human Cytomegalovirus gH/gL/gO Promotes the Fusion Step of Entry into All Cell Types,
whereas gH/gL/UL128-131 Broadens Virus Tropism through a Distinct Mechanism. J. Virol. 2015, 89, 8999–9009. [CrossRef]
[PubMed]

15. Wang, D.; Shenk, T. Human cytomegalovirus virion protein complex required for epithelial and endothelial cell tropism. Proc.
Natl. Acad. Sci. USA 2005, 102, 18153–18158. [CrossRef] [PubMed]

http://doi.org/10.1002/rmv.695
http://www.ncbi.nlm.nih.gov/pubmed/21674676
http://doi.org/10.1128/CMR.00062-12
http://www.ncbi.nlm.nih.gov/pubmed/23297260
http://doi.org/10.1002/rmv.535
http://www.ncbi.nlm.nih.gov/pubmed/17579921
http://doi.org/10.2807/ese.14.09.19140-en
http://www.ncbi.nlm.nih.gov/pubmed/19317969
http://doi.org/10.1093/jpids/piu069
http://doi.org/10.1002/rmv.544
http://doi.org/10.1128/CMR.00009-10
http://doi.org/10.1086/507634
http://doi.org/10.1002/pd.2013
http://doi.org/10.2353/ajpath.2010.091210
http://doi.org/10.1006/viro.1993.1192
http://www.ncbi.nlm.nih.gov/pubmed/8384757
http://doi.org/10.1099/0022-1317-74-2-255
http://www.ncbi.nlm.nih.gov/pubmed/8381465
http://doi.org/10.1016/j.tcb.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/14729174
http://doi.org/10.1128/JVI.01325-15
http://www.ncbi.nlm.nih.gov/pubmed/26085146
http://doi.org/10.1073/pnas.0509201102
http://www.ncbi.nlm.nih.gov/pubmed/16319222


Viruses 2022, 14, 1508 16 of 18

16. Wille, P.T.; Knoche, A.J.; Nelson, J.A.; Jarvis, M.A.; Johnson, D.C. A human cytomegalovirus gO-null mutant fails to incorporate
gH/gL into the virion envelope and is unable to enter fibroblasts and epithelial and endothelial cells. J. Virol. 2010, 84, 2585–2596.
[CrossRef] [PubMed]

17. Wille, P.T.; Wisner, T.W.; Ryckman, B.; Johnson, D.C. Human cytomegalovirus (HCMV) glycoprotein gB promotes virus entry in
trans acting as the viral fusion protein rather than as a receptor-binding protein. mBio 2013, 4, e00332-13. [CrossRef] [PubMed]

18. Heldwein, E.E. gH/gL supercomplexes at early stages of herpesvirus entry. Curr. Opin. Virol. 2016, 18, 1–8. [CrossRef]
19. 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. 2006, 80, 710–722.
[CrossRef]

20. Gardner, T.J.; Tortorella, D. Virion Glycoprotein-Mediated Immune Evasion by Human Cytomegalovirus: A Sticky Virus Makes a
Slick Getaway. Microbiol. Mol. Biol. Rev. 2016, 80, 663–677. [CrossRef]

21. Macagno, A.; Bernasconi, N.L.; Vanzetta, F.; Dander, E.; Sarasini, A.; Revello, M.G.; Gerna, G.; Sallusto, F.; Lanzavecchia, A.
Isolation of human monoclonal antibodies that potently neutralize human cytomegalovirus infection by targeting different
epitopes on the gH/gL/UL128-131A complex. J. Virol. 2010, 84, 1005–1013. [CrossRef] [PubMed]

22. Gerna, G.; Percivalle, E.; Perez, L.; Lanzavecchia, A.; Lilleri, D. Monoclonal Antibodies to Different Components of the Human
Cytomegalovirus (HCMV) Pentamer gH/gL/pUL128L and Trimer gH/gL/gO as well as Antibodies Elicited during Primary
HCMV Infection Prevent Epithelial Cell Syncytium Formation. J. Virol. 2016, 90, 6216–6223. [CrossRef] [PubMed]

23. Kabanova, A.; Perez, L.; Lilleri, D.; Marcandalli, J.; Agatic, G.; Becattini, S.; Preite, S.; Fuschillo, D.; Percivalle, E.; Sallusto, F.; et al.
Antibody-driven design of a human cytomegalovirus gHgLpUL128L subunit vaccine that selectively elicits potent neutralizing
antibodies. Proc. Natl. Acad. Sci. USA 2014, 111, 17965–17970. [CrossRef] [PubMed]

24. Freed, D.C.; Tang, Q.; Tang, A.; Li, F.; He, X.; Huang, Z.; Meng, W.; Xia, L.; Finnefrock, A.C.; Durr, E.; et al. Pentameric complex of
viral glycoprotein H is the primary target for potent neutralization by a human cytomegalovirus vaccine. Proc. Natl. Acad. Sci.
USA 2013, 110, E4997–E5005. [CrossRef]

25. Shen, S.; Wang, S.; Britt, W.J.; Lu, S. DNA vaccines expressing glycoprotein complex II antigens gM and gN elicited neutralizing
antibodies against multiple human cytomegalovirus (HCMV) isolates. Vaccine 2007, 25, 3319–3327. [CrossRef] [PubMed]

26. Pati, S.K.; Novak, Z.; Purser, M.; Arora, N.; Mach, M.; Britt, W.J.; Boppana, S.B. Strain-specific neutralizing antibody responses
against human cytomegalovirus envelope glycoprotein N. Clin. Vaccine Immunol. 2012, 19, 909–913. [CrossRef]

27. Kabanova, A.; Marcandalli, J.; Zhou, T.; Bianchi, S.; Baxa, U.; Tsybovsky, Y.; Lilleri, D.; Silacci-Fregni, C.; Foglierini, M.; Fernandez-
Rodriguez, B.M.; et al. Platelet-derived growth factor-α receptor is the cellular receptor for human cytomegalovirus gHgLgO
trimer. Nat. Microbiol. 2016, 1, 16082. [CrossRef]

28. Huber, M.T.; Compton, T. The human cytomegalovirus UL74 gene encodes the third component of the glycoprotein H-glycoprotein
L-containing envelope complex. J. Virol. 1998, 72, 8191–8197. [CrossRef]

29. Mattick, C.; Dewin, D.; Polley, S.; Sevilla-Reyes, E.; Pignatelli, S.; Rawlinson, W.; Wilkinson, G.; Dal Monte, P.; Gompels,
U.A. Linkage of human cytomegalovirus glycoprotein gO variant groups identified from worldwide clinical isolates with gN
genotypes, implications for disease associations and evidence for N-terminal sites of positive selection. Virology 2004, 318, 582–597.
[CrossRef]

30. Rasmussen, L.; Geissler, A.; Cowan, C.; Chase, A.; Winters, M. The genes encoding the gCIII complex of human cytomegalovirus
exist in highly diverse combinations in clinical isolates. J. Virol. 2002, 76, 10841–10848. [CrossRef]

31. Paterson, D.A.; Dyer, A.P.; Milne, R.S.; Sevilla-Reyes, E.; Gompels, U.A. A role for human cytomegalovirus glycoprotein O (gO) in
cell fusion and a new hypervariable locus. Virology 2002, 293, 281–294. [CrossRef] [PubMed]

32. Cui, X.; Freed, D.C.; Wang, D.; Qiu, P.; Li, F.; Fu, T.M.; Kauvar, L.M.; McVoy, M.A. Impact of Antibodies and Strain Polymorphisms
on Cytomegalovirus Entry and Spread in Fibroblasts and Epithelial Cells. J. Virol. 2017, 91, e01650-16. [CrossRef] [PubMed]

33. Day, L.Z.; Stegmann, C.; Schultz, E.P.; Lanchy, J.M.; Yu, Q.; Ryckman, B.J. Polymorphisms in Human Cytomegalovirus Glycopro-
tein O (gO) Exert Epistatic Influences on Cell-Free and Cell-to-Cell Spread and Antibody Neutralization on gH Epitopes. J. Virol.
2020, 94, e02051-19. [CrossRef]

34. Ha, S.; Li, F.; Troutman, M.C.; Freed, D.C.; Tang, A.; Loughney, J.W.; Wang, D.; Wang, I.M.; Vlasak, J.; Nickle, D.C.; et al.
Neutralization of Diverse Human Cytomegalovirus Strains Conferred by Antibodies Targeting Viral gH/gL/pUL128-131
Pentameric Complex. J. Virol. 2017, 91, e02033-16. [CrossRef] [PubMed]

35. Kschonsak, M.; Rougé, L.; Arthur, C.P.; Hoangdung, H.; Patel, N.; Kim, I.; Johnson, M.C.; Kraft, E.; Rohou, A.L.; Gill, A.; et al.
Structures of HCMV Trimer reveal the basis for receptor recognition and cell entry. Cell 2021, 184, 1232–1244.e16. [CrossRef]
[PubMed]

36. Kauvar, L.M.; Liu, K.; Park, M.; DeChene, N.; Stephenson, R.; Tenorio, E.; Ellsworth, S.L.; Tabata, T.; Petitt, M.; Tsuge, M.; et al.
A high-affinity native human antibody neutralizes human cytomegalovirus infection of diverse cell types. Antimicrob. Agents
Chemother. 2015, 59, 1558–1568. [CrossRef]

37. Jacobson, M.A.; Adler, S.P.; Sinclair, E.; Black, D.; Smith, A.; Chu, A.; Moss, R.B.; Wloch, M.K. A CMV DNA vaccine primes for
memory immune responses to live-attenuated CMV (Towne strain). Vaccine 2009, 27, 1540–1548. [CrossRef]

38. Sinzger, C.; Hahn, G.; Digel, M.; Katona, R.; Sampaio, K.L.; Messerle, M.; Hengel, H.; Koszinowski, U.; Brune, W.; Adler, B.
Cloning and sequencing of a highly productive, endotheliotropic virus strain derived from human cytomegalovirus TB40/E. J.
Gen. Virol. 2008, 89 Pt 2, 359–368. [CrossRef]

http://doi.org/10.1128/JVI.02249-09
http://www.ncbi.nlm.nih.gov/pubmed/20032184
http://doi.org/10.1128/mBio.00332-13
http://www.ncbi.nlm.nih.gov/pubmed/23736286
http://doi.org/10.1016/j.coviro.2016.01.010
http://doi.org/10.1128/JVI.80.2.710-722.2006
http://doi.org/10.1128/MMBR.00018-16
http://doi.org/10.1128/JVI.01809-09
http://www.ncbi.nlm.nih.gov/pubmed/19889756
http://doi.org/10.1128/JVI.00121-16
http://www.ncbi.nlm.nih.gov/pubmed/27122579
http://doi.org/10.1073/pnas.1415310111
http://www.ncbi.nlm.nih.gov/pubmed/25453106
http://doi.org/10.1073/pnas.1316517110
http://doi.org/10.1016/j.vaccine.2007.01.011
http://www.ncbi.nlm.nih.gov/pubmed/17287056
http://doi.org/10.1128/CVI.00092-12
http://doi.org/10.1038/nmicrobiol.2016.82
http://doi.org/10.1128/JVI.72.10.8191-8197.1998
http://doi.org/10.1016/j.virol.2003.09.036
http://doi.org/10.1128/JVI.76.21.10841-10848.2002
http://doi.org/10.1006/viro.2001.1274
http://www.ncbi.nlm.nih.gov/pubmed/11886248
http://doi.org/10.1128/JVI.01650-16
http://www.ncbi.nlm.nih.gov/pubmed/28381568
http://doi.org/10.1128/JVI.02051-19
http://doi.org/10.1128/JVI.02033-16
http://www.ncbi.nlm.nih.gov/pubmed/28077654
http://doi.org/10.1016/j.cell.2021.01.036
http://www.ncbi.nlm.nih.gov/pubmed/33626330
http://doi.org/10.1128/AAC.04295-14
http://doi.org/10.1016/j.vaccine.2009.01.006
http://doi.org/10.1099/vir.0.83286-0


Viruses 2022, 14, 1508 17 of 18

39. Scrivano, L.; Sinzger, C.; Nitschko, H.; Koszinowski, U.H.; Adler, B. HCMV spread and cell tropism are determined by distinct
virus populations. PLoS Pathog. 2011, 7, e1001256. [CrossRef]

40. Kalser, J.; Adler, B.; Mach, M.; Kropff, B.; Puchhammer-Stockl, E.; Gorzer, I. Differences in Growth Properties among Two Human
Cytomegalovirus Glycoprotein O Genotypes. Front. Microbiol. 2017, 8, 1609. [CrossRef]

41. Brait, N.; Stogerer, T.; Kalser, J.; Adler, B.; Kunz, I.; Benesch, M.; Kropff, B.; Mach, M.; Puchhammer-Stockl, E.; Gorzer, I.
Influence of Human Cytomegalovirus Glycoprotein O Polymorphism on the Inhibitory Effect of Soluble Forms of Trimer- and
Pentamer-Specific Entry Receptors. J. Virol. 2020, 94, e00107-20. [CrossRef] [PubMed]

42. Warming, S.; Costantino, N.; Court, D.L.; Jenkins, N.A.; Copeland, N.G. Simple and highly efficient BAC recombineering using
galK selection. Nucleic Acids Res. 2005, 33, e36. [CrossRef] [PubMed]

43. Cui, X.; Adler, S.P.; Davison, A.J.; Smith, L.; Habib, E.-S.E.; McVoy, M.A. Bacterial artificial chromosome clones of viruses
comprising the towne cytomegalovirus vaccine. J. Biomed. Biotechnol. 2012, 2012, 428498. [CrossRef] [PubMed]

44. Lauron, E.J.; Yu, D.; Fehr, A.R.; Hertel, L. Human cytomegalovirus infection of langerhans-type dendritic cells does not require
the presence of the gH/gL/UL128-131A complex and is blocked after nuclear deposition of viral genomes in immature cells. J.
Virol. 2014, 88, 403–416. [CrossRef]

45. Saccoccio, F.M.; Sauer, A.L.; Cui, X.; Armstrong, A.E.; Habib, E.-S.E.; Johnson, D.C.; Ryckman, B.J.; Klingelhutz, A.J.; Adler, S.P.;
McVoy, M.A. Peptides from cytomegalovirus UL130 and UL131 proteins induce high titer antibodies that block viral entry into
mucosal epithelial cells. Vaccine 2011, 29, 2705–2711. [CrossRef]

46. Bhave, S.; Elford, H.; McVoy, M.A. Ribonucleotide reductase inhibitors hydroxyurea, didox, and trimidox inhibit human
cytomegalovirus replication in vitro and synergize with ganciclovir. Antivir. Res. 2013, 100, 151–158. [CrossRef]

47. Marshall, G.S.; Rabalais, G.P.; Stout, G.G.; Waldeyer, S.L. Antibodies to recombinant-derived glycoprotein B after natural human
cytomegalovirus infection correlate with neutralizing activity. J. Infect. Dis. 1992, 165, 381–384. [CrossRef]

48. Gönczöl, E.; de Taisne, C.; Hirka, G.; Berencsi, K.; Lin, W.C.; Paoletti, E.; Plotkin, S. High expression of human cytomegalovirus
(HCMV)-gB protein in cells infected with a vaccinia-gB recombinant: The importance of the gB protein in HCMV immunity.
Vaccine 1991, 9, 631–637. [CrossRef]

49. Britt, W.J.; Vugler, L.; Butfiloski, E.J.; Stephens, E.B. Cell surface expression of human cytomegalovirus (HCMV) gp55-116 (gB):
Use of HCMV-recombinant vaccinia virus-infected cells in analysis of the human neutralizing antibody response. J. Virol. 1990,
64, 1079–1085. [CrossRef]

50. Fouts, A.E.; Chan, P.; Stephan, J.P.; Vandlen, R.; Feierbach, B. Antibodies against the gH/gL/UL128/UL130/UL131 complex
comprise the majority of the anti-cytomegalovirus (anti-CMV) neutralizing antibody response in CMV hyperimmune globulin. J.
Virol. 2012, 86, 7444–7447. [CrossRef]

51. Sharland, M.; Khare, M.D. Cytomegalovirus treatment options in immunocompromised patients. Expert Opin. Pharmacother. 2001,
2, 1247–1257. [CrossRef] [PubMed]

52. Cook, C.H.; Trgovcich, J. Cytomegalovirus reactivation in critically ill immunocompetent hosts: A decade of progress and
remaining challenges. Antiviral Res. 2011, 90, 151–159. [CrossRef] [PubMed]

53. Rubin, R.H. Impact of cytomegalovirus infection on organ transplant recipients. Rev. Infect. Dis. 1990, 12 (Suppl. 7), S754–S766.
[CrossRef] [PubMed]

54. Maingi, Z.; Nyamache, A.K. Seroprevalence of Cytomegalo Virus (CMV) among pregnant women in Thika, Kenya. BMC Res.
Notes 2014, 7, 794. [CrossRef]

55. Britt, W.J. Congenital Human Cytomegalovirus Infection and the Enigma of Maternal Immunity. J. Virol. 2017, 91, e02392-16.
[CrossRef]

56. Boppana, S.B.; Fowler, K.B.; Britt, W.J.; Stagno, S.; Pass, R.F. Symptomatic congenital cytomegalovirus infection in infants born to
mothers with preexisting immunity to cytomegalovirus. Pediatrics 1999, 104 Pt 1, 55–60. [CrossRef]

57. Meyer-Konig, U.; Ebert, K.; Schrage, B.; Pollak, S.; Hufert, F.T. Simultaneous infection of healthy people with multiple human
cytomegalovirus strains. Lancet 1998, 352, 1280–1281. [CrossRef]

58. Gehrz, R.C.; Christianson, W.R.; Linner, K.M.; Conroy, M.M.; McCue, S.A.; Balfour, H.H., Jr. Cytomegalovirus-specific humoral
and cellular immune responses in human pregnancy. J. Infect. Dis. 1981, 143, 391–395. [CrossRef]

59. Stagno, S.; Reynolds, D.W.; Huang, E.S.; Thames, S.D.; Smith, R.J.; Alford, C.A. Congenital cytomegalovirus infection. N. Engl. J.
Med. 1977, 296, 1254–1258. [CrossRef]

60. Reynolds, D.W.; Stagno, S.; Hosty, T.S.; Tiller, M.; Alford, C.A., Jr. Maternal cytomegalovirus excretion and perinatal infection. N.
Engl. J. Med. 1973, 289, 1–5. [CrossRef]

61. Boppana, S.B.; Rivera, L.B.; Fowler, K.B.; Mach, M.; Britt, W.J. Intrauterine transmission of cytomegalovirus to infants of women
with preconceptional immunity. N. Engl. J. Med. 2001, 344, 1366–1371. [CrossRef] [PubMed]

62. Hansen, S.G.; Powers, C.J.; Richards, R.; Ventura, A.B.; Ford, J.C.; Siess, D.; Axthelm, M.K.; Nelson, J.A.; Jarvis, M.A.; Picker, L.J.;
et al. Evasion of CD8+ T cells is critical for superinfection by cytomegalovirus. Science 2010, 328, 102–106. [CrossRef] [PubMed]

63. Jiang, X.J.; Sampaio, K.L.; Ettischer, N.; Stierhof, Y.-D.; Jahn, G.; Kropff, B.; Mach, M.; Sinzger, C. UL74 of human cytomegalovirus
reduces the inhibitory effect of gH-specific and gB-specific antibodies. Arch. Virol. 2011, 156, 2145–2155. [CrossRef] [PubMed]

64. Thomas, M.; Kropff, B.; Schneider, A.; Winkler, T.H.; Gorzer, I.; Sticht, H.; Britt, W.J.; Mach, M.; Reuter, N. A Novel Strain-Specific
Neutralizing Epitope on Glycoprotein H of Human Cytomegalovirus. J. Virol. 2021, 95, e0065721. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.ppat.1001256
http://doi.org/10.3389/fmicb.2017.01609
http://doi.org/10.1128/JVI.00107-20
http://www.ncbi.nlm.nih.gov/pubmed/32350071
http://doi.org/10.1093/nar/gni035
http://www.ncbi.nlm.nih.gov/pubmed/15731329
http://doi.org/10.1155/2012/428498
http://www.ncbi.nlm.nih.gov/pubmed/22187535
http://doi.org/10.1128/JVI.03062-13
http://doi.org/10.1016/j.vaccine.2011.01.079
http://doi.org/10.1016/j.antiviral.2013.07.016
http://doi.org/10.1093/infdis/165.2.381
http://doi.org/10.1016/0264-410X(91)90187-B
http://doi.org/10.1128/jvi.64.3.1079-1085.1990
http://doi.org/10.1128/JVI.00467-12
http://doi.org/10.1517/14656566.2.8.1247
http://www.ncbi.nlm.nih.gov/pubmed/11584992
http://doi.org/10.1016/j.antiviral.2011.03.179
http://www.ncbi.nlm.nih.gov/pubmed/21439328
http://doi.org/10.1093/clinids/12.Supplement_7.S754
http://www.ncbi.nlm.nih.gov/pubmed/2173105
http://doi.org/10.1186/1756-0500-7-794
http://doi.org/10.1128/JVI.02392-16
http://doi.org/10.1542/peds.104.1.55
http://doi.org/10.1016/S0140-6736(05)70487-6
http://doi.org/10.1093/infdis/143.3.391
http://doi.org/10.1056/NEJM197706022962203
http://doi.org/10.1056/NEJM197307052890101
http://doi.org/10.1056/NEJM200105033441804
http://www.ncbi.nlm.nih.gov/pubmed/11333993
http://doi.org/10.1126/science.1185350
http://www.ncbi.nlm.nih.gov/pubmed/20360110
http://doi.org/10.1007/s00705-011-1105-x
http://www.ncbi.nlm.nih.gov/pubmed/21938463
http://doi.org/10.1128/JVI.00657-21
http://www.ncbi.nlm.nih.gov/pubmed/34160252


Viruses 2022, 14, 1508 18 of 18

65. Wrapp, D.; Ye, X.; Ku, Z.; Su, H.; Jones, H.G.; Wang, N.; Mishra, A.K.; Freed, D.C.; Li, F.; Tang, A.; et al. Structural basis for HCMV
Pentamer recognition by neuropilin 2 and neutralizing antibodies. Sci. Adv. 2022, 8, eabm2546. [CrossRef]

66. Wu, Y.; Prager, A.; Boos, S.; Resch, M.; Brizic, I.; Mach, M.; Wildner, S.; Scrivano, L.; Adler, B. Human cytomegalovirus glycoprotein
complex gH/gL/gO uses PDGFR-α as a key for entry. PLoS Pathog. 2017, 13, e1006281. [CrossRef]

67. Stegmann, C.; Rothemund, F.; Laib Sampaio, K.; Adler, B.; Sinzger, C. The N Terminus of Human Cytomegalovirus Glycoprotein
O Is Important for Binding to the Cellular Receptor PDGFRα. J. Virol. 2019, 93, e00138-19. [CrossRef]

68. Kropff, B.; Burkhardt, C.; Schott, J.; Nentwich, J.; Fisch, T.; Britt, W.; Mach, M. Glycoprotein N of human cytomegalovirus protects
the virus from neutralizing antibodies. PLoS Pathog. 2012, 8, e1002999. [CrossRef]

69. Liu, Y.; Heim, K.P.; Che, Y.; Chi, X.; Qiu, X.; Han, S.; Dormitzer, P.R.; Yang, X. Prefusion structure of human cytomegalovirus
glycoprotein B and structural basis for membrane fusion. Sci. Adv. 2021, 7, eabf3178. [CrossRef]

70. Si, Z.; Zhang, J.; Shivakoti, S.; Atanasov, I.; Tao, C.L.; Hui, W.H.; Zhou, K.; Yu, X.; Li, W.; Luo, M.; et al. Different functional states
of fusion protein gB revealed on human cytomegalovirus by cryo electron tomography with Volta phase plate. PLoS Pathog. 2018,
14, e1007452. [CrossRef]

71. Chandramouli, S.; Malito, E.; Nguyen, T.; Luisi, K.; Donnarumma, D.; Xing, Y.; Norais, N.; Yu, D.; Carfi, A. Structural basis for
potent antibody-mediated neutralization of human cytomegalovirus. Sci. Immunol. 2017, 2, eaan1457. [CrossRef]

72. Cui, X.; Meza, B.P.; Adler, S.P.; McVoy, M.A. Cytomegalovirus vaccines fail to induce epithelial entry neutralizing antibodies
comparable to natural infection. Vaccine 2008, 26, 5760–5766. [CrossRef]

73. Shimamura, M.; Mach, M.; Britt, W.J. Human cytomegalovirus infection elicits a glycoprotein M (gM)/gN-specific virus-
neutralizing antibody response. J. Virol. 2006, 80, 4591–4600. [CrossRef]

http://doi.org/10.1126/sciadv.abm2546
http://doi.org/10.1371/journal.ppat.1006281
http://doi.org/10.1128/JVI.00138-19
http://doi.org/10.1371/journal.ppat.1002999
http://doi.org/10.1126/sciadv.abf3178
http://doi.org/10.1371/journal.ppat.1007452
http://doi.org/10.1126/sciimmunol.aan1457
http://doi.org/10.1016/j.vaccine.2008.07.092
http://doi.org/10.1128/JVI.80.9.4591-4600.2006

	Introduction 
	Materials and Methods 
	Antibodies 
	Cells and Viruses 
	Immunofluorescence-Based Neutralization Assays 
	Luciferase-Based Neutralization Assays 
	Statistical Analyses 

	Results 
	Towne gO Inhibits the Ability of mAbs Targeting Epitopes in Sites 6 and 8 of gH/gL to Neutralize Fibroblast Entry 
	Quantitative Luciferase-Based Assays Confirm That Towne gO Inhibits the Ability of mAbs Targeting gH/gL Epitopes in Sites 6, 7, and 8 to Neutralize Fibroblast Entry 
	Inhibition by Towne gO Is Not Sufficient to Influence the Net Neutralizing Activities of Polyclonal Antibodies Induced by Natural Infection 
	Inhibition Extends to Other gO Types and Is Epitope-Specific 
	Inhibition by Towne gO Maps to the Polymorphic N-Terminal Region of gO 

	Discussion 
	References



