
Acta virologica 64: 117 – 130, 2020  doi: 10.4149/av_2020_202

The power of human cytomegalovirus (HCmV)  
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Summary.  –  Viruses have evolved sophisticated strategies to subvert immunity to benefit overall 
viral fitness. Human cytomegalovirus (HCMV, β-herpesvirus) represents a paradigm of very effective 
hijacking of gene functions that imitate host encoded immunomodulatory proteins. This co-evolution 
with the host immune system allowed for establishment of lifelong persistence. The HCMV infection is 
largely asymptomatic in healthy persons; however, it can induce serious disease in immunocompromised 
individuals. For this reason, great attention is paid to the development of therapeutics based on HCMV 
immunomodulatory ‘tricks’ as well as to the search for active vaccine against HCMV. While comparing 
the HCMV clinical isolates with extensively passaged laboratory strains, the unique long (UL) b' locus 
was commonly found to be deleted in HCMV genome while adapted to replication in human fibroblasts 
in vitro. This missing region, called UL/b' region, encodes up to 22 canonical genes with different func-
tions, as of targeting cellular tropism (e.g. UL133-UL138); viral entry and assembly (e.g. UL128, UL130, 
UL131A); regulation of immunological synapses (e.g. UL135); inhibition of NK and T cell function (e.g. 
UL141, UL142, UL148, UL144), ablating activity (e.g. UL146, UL147), but mainly aimed at manipulating the 
host immune response. Moreover, the presence of UL/b' genomic region dramatically correlates with 
adverse effects in vaccinated persons, indicating that viral genes in this region play a significant role in 
controlling virulence. Here, we review how HCMV shapes our immunity by hijacked genes originated 
from UL/b' locus, discuss their impact in immunomodulation mechanism and how this knowledge may 
translate to clinical applications.
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abbreviations: HCMV = human cytomegalovirus, β-herpesvirus; 
UL/b' = unique long b' region; BTLA = B- and T-lymphocyte at-
tenuator; CD155 = cluster of differentiation 155, poliovirus recep-
tor/nectin-like molecule 5; CD160 = natural killer cell-activating 
receptor; CMV = cytomegalovirus; CXC = chemokine motif; 
DNAM-1 = DNAX accessory molecule 1, CD226; ER = endoplasmic 
reticulum; gH = glycoprotein H (gB, gM, gN, gL, gO); HVEM = 
herpes virus entry mediator; NK = natural killer; NKG2D = NK 
group 2D; RANTES = regulated on activation, normal T cell ex-
pressed and secreted; TB40E = bacterial artificial chromosome 
(BAC) clones of the HCMV; TIGIT = T cell immunoreceptor with 
Ig and ITIM domains; TNF = tumor necrosis factor; TRAIL-Rs 
(1 and 2) = TNF-related apoptosis inducing ligand receptors 1 
and 2; vCXCL1 and 2 = viral chemokine homolog 1 and 2; VRPs 
= viral replicon particles

Introduction

The immune system and HCMV infection

The immune system is a highly connected network of 
cells and molecules with specialized roles in defending 
against infection, as well as a network of many different 
types of response arranged to maintain status quo of a 
pathogen-free internal environment (Delves and Roitt, 
2000). Leukocytes, the cells of immune system, are divided 
on the basis of the proteins that are expressed in their 
cell membranes. Among these proteins are receptors by 
which cells interact with each other and the environment. 
Receptors bind ligands that may be receptors on other 
cells, or soluble molecules such as cytokines. The major 
role of immune system is to provide protection against the 
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various pathogens that are encountered throughout the 
lifetime of an individual. On the other hand, the immune 
system has an uneasy relationship with the environment. 
Pathogens use a variety of ways of attaching and entering 
the host. For every pathogen, this process is tailored to 
species, to specific cell types and to defined cell-surface 
receptors while each infection uses a different cell door. 
Therefore, blocking these access paths can stop the infec-
tion before it starts. In the production of antibodies, the 
immune system can neutralize infection before the key 
to the cell turns at that particular doorway. However, 
this must be done at the same time. An ability of host im-
mune system to adapt flexibly to strange environmental 
changes is critical in managing infections and cancer. An 
effective immune system must be able to discriminate 
such differences, distinguishing self from non-self and 
distinguishing harmless non-self from dangerous non-
self (Nicholson, 2016). This remarkable flexibility and a 
process of recognition at a near molecular scale allows 
the immune system to exploit the fact that all organisms 
are defined by proteins encoded in their genes.

Natural killer (NK) cells play an important role in the 
control of viral infections, which recognize and eliminate 
virus-infected cells. Viruses can spend most of their lives 
hidden in the complicated cytoplasm of a cell, making it 
difficult to recognize them from the outside. Receptors 
within the cytoplasm can bind to virus-derived signature 
molecules, such as different types of nucleic acid and 
signal that infection is present. Cytomegaloviruses play a 
major role in formation of current knowledge of how NK 
cells recognize and destroy virus-infected cells. Disrup-
tion of these functions at multiple levels may not only play 
a role in controlling primary infections or reactivation, 
but may also affect other immune system functions and 
leave a long-lasting effect on the NK cell population. These 
imprints may result in an altered host response to other 
infections (Lisnić et al., 2015; Nicholson, 2016).

This co-evolutionary relationship between host and 
pathogen is particularly clear for viruses that establish 
persistent infections, such as human herpesviruses 
(HHV) (Šedý et al., 2008). Human cytomegalovirus (HCMV, 
a β-herpesvirus, HHV-5), is a large double-stranded DNA 
virus. This virus causes primary infection through trans-
mission via numerous pathways, such as saliva, breast-
feeding, placenta transfer, blood transfusion, solid-organ 
transplantation and hematopoietic stem cell transplanta-
tion. Following primary infection, cytomegalovirus estab-
lishes latency with periodic reactivation and shedding 
from mucosal surfaces. The HCMV contains wide range of 
immunoevasive genes encoded by the virus which could 
be a consequence of the inability of the host to prevent 
this chronic reactivation. Although primary infection 
rarely causes serious clinical symptoms in healthy adults, 

opportunistically induces life-threatening disease with 
long-term sequelae (infectious mononucleosis and sple-
nomegaly) in the immune compromised individuals, such 
as transplant recipients, Acquired Immune Deficiency 
Syndrome (AIDS) patients and following infection of the 
fetus (Mocarski et al., 2013; Orange, 2013; Lisnić et al., 2015).

Except for primary infection or reactivation of the 
virus in immunosuppressed adults there exists another 
way by which CMV causes significant morbidity and 
mortality – congenital infection. Congenital infection is 
the most common intrauterine infection, and can occur 
as a result of primary maternal infection, reactivation 
of latent virus or reinfection with a different isolate of 
CMV (Ahlfors et al., 1999; Boppana et al., 2001; Novak et 
al., 2008). Documented evidence indicates that in the 
United States of America (USA), 38,000 children are born 
with congenital infection every year; 13% of these children 
develop symptomatic infection and 14% of those with 
asymptomatic infection develop symptomatic disease 
on follow-up during the first 5 years of life (Dollard et al., 
2007; Wang et al., 2011a).

Congenital infection in newborns leads to significant 
neurologic disorders such as mental retardation, cerebral 
palsy, seizure disorders and developmental delay and also 
causes permanent disabilities, such as hearing and vision 
loss and cognitive impairment (Revello et al., 2006).

Clinical translations to prevent HCMV

Alongside of all the consequences of HCMV infection, 
there has been a considerable effort made towards the de-
velopment of a HCMV vaccine, with particular emphasis 
on protection of pregnant women and immune-compro-
mised persons (Schleiss, 2008; Dasari et al., 2013). It is over 
a decade since the United States (US) Institute of Medicine 
of the National Academy of Sciences assigned the high-
est priority for a vaccine to prevent congenital human 
CMV infection, which was subsequently endorsed by the 
National Vaccine Program in both US and EU countries. 
In spite of extensive efforts over many years, successful 
licensure of a HCMV vaccine formulation remains elusive 
(Dasari et al., 2013).

Persistent viruses represent a serious and worldwide 
clinical problem, thus the knowledge of the targets and 
mechanisms by which HCMV immunomodulation is 
achieved is an important step in search for new thera-
peutic strategies and potential pharmacological targets. 
Initially, it was assumed that blocking HCMV infection 
through neutralizing antibodies was sufficient for vac-
cine formation, but studies conducted in various disease 
environments, particularly transplant patients, clearly 
highlighted the importance of cellular immunity. A 
number of new vaccine candidates have been found to 
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be effective in preclinical studies, and are able to induce 
CMV-specific immune responses in clinical studies, 
although firm evidence for long-term efficacy is not yet 
available (Revello et al., 2006).

Consequences of the selective pressure

As we know, the immune system protects host organ-
ism against the foreign pathogens while using the antigen 
presentation mechanism on the cells to eliminate the 
foreign pathogens through an antibody response or by 
activation of effector cells. As many viruses, HCMV is un-
der constant selective pressure from the immune system. 
In vivo, there is pressure to retain immunomodulatory 
functions as a result of selection from the host immune 
system, while this is not the case in vitro. Only 26% (45 
of 171) of the canonical HCMV genes are necessary for 
replication in vitro (Dunn et al., 2003; Yu et al., 2003), and 
selection of mutants lacking genes that are either not 
required, or are inhibitory, in vitro, occurs within a few 
weeks of isolation, becoming more extensive as passage 
continues (Dolan et al., 2004; Bradley et al., 2009; Dargan 
et al., 2010; Stanton et al., 2010). 

Among the viral gene products that are likely to be 
involved in immunomodulation are homologues of cel-
lular receptors, major histocompatibility complex (MHC) 
class molecules, tumor necrosis factor (TNF) family of 
ligands and receptors, cytokines and chemokines. The 
summary of HCMV-encoded functions discussed in this 
review is shown in (Fig. 1). The viral genes encoding these 
homologues have been hijacked by the viruses during 
a long pathogen/host co-evolution. In this review, we 
will look at the mechanism by which HCMV shapes our 
immunity and modulates the immune response of the 
host and discuss the functions of these homologues in 
the pathogenesis of HCMV infections. Moreover, we will 
discuss the development of immunomodulatory biologics 
inspired by viral tricks alongside with the vaccine search 
against the HCMV.

HCmV counterstrategies targeting  
the immune system

Despite inducing a robust and diverse innate and adap-
tive immune response, HCMV successfully progresses 
through its three-phase infection and establishes lifelong 
détente with its host (Picarda and Benedict, 2018). To aid 
in this, HCMV has developed many sophisticated mecha-
nisms targeting host immunity. It is likely that only one 
third of more than 750 HCMV ORFs are required for the 
entry and lytic replication (Yu et al., 2003), suggesting the 
rest has evolved to combat the host immune response. Our 

laboratory has studied several of these immune modula-
tory genes over the last years, primarily focusing on those 
that target and/or intersect with Ig- and TNF-family im-
mune signaling pathways. These and many other HCMV 
immune evasion mechanisms have been reviewed in 
recent years (Marshall and Geballe, 2009; Loewendorf and 
Benedict, 2010; Lisnić et al., 2015; Patel et al., 2018; Picarda 
and Benedict, 2018), so we will focus on those here that 
we deem to be the most likely to impact the development 
of new age biotherapeutics.

UL/b' locus – the genetic content lost from HCMV 
cell culture in vitro

The double stranded DNA (dsDNA) genome of wild-
type HCMV strains has a size of around 235 kbp, which 
is longer than all other human herpesviruses and one of 
the longest genomes of all human viruses in general. It 
has the characteristic herpesvirus class E genome archi-
tecture, consisting of two unique regions (unique long UL 
and unique short US), both flanked by a pair of inverted 
repeats (terminal/internal repeat long TRL/IRL and in-
ternal/terminal repeat short IRS/TRS). The genomes of 
commonly used variants of HCMV strains, Towne and 
AD169, each contain a substantial mutation in which an 
UL/b' locus at the right end of the UL region has been 
replaced by an inverted duplication of a region from the 
left end of the genome (Fig. 2) (Bradley et al., 2009). In both 
commonly used HCMV strains the 13–15 kb UL/b' region, 
UL133-UL150, has been lost by extensive passage (Cha et 
al., 1996; Bradley et al., 2009; Patel et al., 2018).

The UL/b' region encodes up to 22 canonical genes 
of which at least 5 genes (UL135, UL141, UL142, UL148, 
UL148A) have been identified to inhibit function of NK 
cells that are critical components of the innate immune 
system as they rapidly detect and destroy infected cells 
(Diefenbach, 2014).

Targeting pentameric complex (gH/gL/UL128/
UL130/UL131A) for vaccine development

Over the past 15 years we have witnessed a  surge in 
the development of multiple HCMV vaccines which 
have been tested but only partial protection has been 
achieved in these studies. In the development of various 
immunomodulatory approaches, to fight a broad range of 
human diseases, including cancer, viral infections, auto-
immunity and inflammation as well as in the prevention 
of transplantant rejection, were mostly used monoclonal 
antibodies (mAb) or recombinant fusion proteins that 
target cell surface signaling molecules on immune cells 
to drive immune responses towards the desired direction 
(Yao et al., 2013).
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Fig. 1

Summary of HCmV-encoded functions originated from UL/b' genomic region discussed in this review (highlighted in cyan squares)
The power of individual gene functions, both viral and endogenous, are present in the context of their known or possible function in 
immunomodulation as well as their clinical relevance. In particular, the family of acting ligand or receptor and/or protein fold is present 
in the legend.
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HCMV infection is dependent on the functions of 
structural glycoproteins at multiple stages of the viral 
life cycle. These proteins mediate the initial attachment 
and fusion events that occur between the viral envelope 
and a host cell membrane, as well as virion-independent 
cell-cell spread of the infection. For the entry of this virus 
are critical multiple surface-expressed glycoproteins, 
including glycoprotein B (gB), the gM/gN complex, the 
gH/gL complex, and a pentameric gH/gL/UL128/UL130/
UL131A complex, which are the primary targets of neutral-
izing antibodies to HCMV (Britt et al., 1990; Rasmussen 
et al., 1991; Urban et al., 1996; Mach et al., 2000; Macagno 
et al., 2009; Fouts et al., 2012), while UL128, UL130 and 
UL131A are genetic content of UL/b' locus of HCMV. The 
gB and gH elicit a large fraction of the antibodies that 
neutralize infection of cultured fibroblasts (Britt et al., 
1990; Rasmussen et al., 1991; Urban et al., 1994; Macagno 
et al., 2009; Pötzsch et al., 2011; Wang et al., 2011b; Fouts 
et al., 2012). The gH associates with gL (Kaye et al., 1992), 
and gH/gL and gB form the conserved herpesvirus fusion 
machinery (Heldwein and Krummenacher, 2008) that is 
required for HCMV infection in fibroblasts. The gH/gL can 
also associate with UL128, UL130, and UL131A to form a 
pentameric complex (Wang and Shenk, 2005b; Adler et al., 
2006; Ryckman et al., 2008). Proteins encoded by UL128, 
UL130, and UL131A complex with gH and gL on the virion 
surface to mediate entry into endothelial cells, leukocytes, 
and dendritic cells by endocytosis (Hahn et al., 2004; Wang 

and Shenk, 2005a,b; Adler et al., 2006; Ryckman et al., 2006, 
2008; Scrivano et al., 2011). This complex is not required 
for entry into fibroblasts; rather, HCMV enters fibroblasts 
by fusion mediated by the gH/gL/gO complex (Compton et 
al., 1992; Li et al., 1997; Huber and Compton, 1998). HCMV 
strains passaged in fibroblasts accumulate mutations in 
the UL128-UL131A locus, resulting in lost tropism for en-
dothelial and epithelial cells (Hahn et al., 2004; Wang and 
Shenk, 2005a,b; Ryckman et al., 2006; Dargan et al., 2010) 
and reduced transfer of virus to leukocytes (Hahn et al., 
2004). However, laboratory strains competent for entry 
into endothelial cells (e.g., encoding wild-type or repaired 
UL131A) still replicate to reduced yields relative to several 
clinical strains (Hahn et al., 2004; Wang and Shenk, 2005a).

An abundance of data has demonstrated that this 
pentameric complex is required for HCMV entry into den-
dritic, epithelial and endothelial cells (Akter et al., 2003; 
Hahn et al., 2004; Gerna et al., 2005). Loomis et al., 2013 
showed that viral replicon particles (VRPs) expressing the 
gH/gL complex elicited more potent neutralizing antibod-
ies than VRPs expressing gB in mice. Also, Wen et al. (2014) 
investigated the immunogenicity of VRPs encoding the 
HCMV gH/gL and pentameric complexes. The results of 
these studies indicate that the pentameric complex elicits 
significantly higher levels of neutralizing antibodies than 
the gH/gL complex. In addition, when the animals were 
immunized with pentamer encoding VRPs or subunit 
of pentamer the animals produced antibodies that were 

Fig. 2

The comparison of typical laboratory (a) versus clinical HCmV strain (b) highlights immunomodulatory function of UL/b' gene 
content (c) that seems to be critical in humans to regulate immunity

The genetic organization of two ORF maps of HCMV strains are shown with highlighted UL/b' locus (black) that is deleted in extensively 
passaged laboratory strains. Zoomed into UL/b' locus are annotated functional ORFs as reported in Murrell et al. (2016). Protein coding 
regions are indicated by arrows with ORF nomenclature above. The nucleotide positions are given in kbp (kilobase pairs). Genes whose 
functions are known and reviewed here are marked with stripes.

(a)

(b)

(c)
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able to recognize a broad spectrum of antigenic sites on 
the complex (Wen et al., 2014). These results indicate that 
the pentameric complex consisting of three UL/b' genes 
and two glycoproteins can be useful in the development 
of HCMV vaccine candidates.

Development of antiviral peptides inspired by 
UL130

In the development of antiviral peptides appears to 
be a promising candidate the UL130 gene product of 
HCMV UL/b' locus, due to its C terminus, which plays an 
important role in HCMV-infected endothelial cells. In 
order to define functionally important peptides within 
this protein, the charge-cluster-to-alanine (CCTA) muta-
tional scanning of UL130 in the genetic background of a 
bacterial artificial chromosome-cloned endotheliotropic 
HCMV strain was done. A total of 10 charge clusters were 
defined, and in each of them two or three charged amino 
acids were replaced with alanine. While the six N-terminal 
clusters were phenotypically irrelevant, mutation of the 
four C-terminal clusters each caused a reduction of cell 
tropism (Schuessler et al., 2010).

Malkowska et al. (2013) hypothesized that CMV UL130 
gene might encode an orthologous chemokine like pro-
tein, which was investigated by the crystallographic 
determination of the structure of two gH/gL complexes. 
Chowdary et al. (2010) solved the crystal structure of the 
herpes simplex virus 2 (HSV-2) gH/gL complex, whilst 
Matsuura et al., 2010 described the crystal structure of 
an Epstein-Barr virus (EBV) complex (Chowdary et al., 
2010; Matsuura et al., 2010). The topologies of both gly-
coproteins are highly concordant with the homology 
models (Wyrwicz and Rychlewski, 2007). In the study of 
structural similarity of glycoprotein gL in CMV UL130 
with chemokines it was found that rat CMV r131 gene 
encoding a proinflamatory CC chemokine-like proteins 
has been recognized as HCMV UL130 homolog (Kaptein et 
al., 2004; Vomaske et al., 2012). The position of conserved 
cysteines (1st and 3rd cysteine of characteristic CXC type 
chemokine motif) leads to the assignment of UL130 to 
C type chemokine subfamily (Malkowska et al., 2013). 
Despite of the loss of 2nd and 4th cytosine the chemotactic 
activity might be preserved and requires further inves-
tigation as it might explain the mechanism of UL130 
functioning in endothelial cell infection (Patrone et al., 
2005). The hypothesis concerning the co-evolution of 
the two interacting glycoproteins (Matsuura et al., 2010) 
causes us to presume that the most likely cause of such 
concordance is that gL arose as a result of lateral gene 
transfer from the host. It is very likely that early in the 
evolution of Herpesviridae, gL acted predominantly as 
a virus encoded chemokine [compare viral chemokines: 

UL146, UL147, UL152 encoded by HCMV (Vink et al., 1999)], 
which later co-evolved with the other membrane viral 
genes (Malkowska et al., 2013).

UL133-UL138 locus as a post entry tropism deter-
minant required for viral maturation

The molecular mechanisms governing HCMV persis-
tence in the infected host are largely unknown, in part, 
because the viral determinants and cellular reservoirs 
of persistence are weakly defined. The endothelial cells 
are an important interface for bidirectional virus spread 
(Britt, 2008; Adler and Sinzger, 2009). Endothelial cells 
are considered a key target of CMV infection in humans 
(Sinzger et al., 1995) but they have different susceptibili-
ties and support distinct modes of infection in vitro de-
pending on their anatomical source and type (Sinzger et 
al., 1997, 2000; Fish et al., 1998; Kahl et al., 2000; Jarvis and 
Nelson, 2007). By this cell type- or cell origin-dependent 
gradation in viral replication endothelial cell-specific 
determinants control infection outcomes ranging from 
lytic replication to latency (Jarvis and Nelson, 2002,  
2007).

In the UL/b' region, the UL133-UL138 locus which is 
important for the latent infection in CD34+ hematopoi-
etic progenitor cells (HPCs) was identified. This locus, 
which encodes four proteins, pUL133, pUL135, pUL136, 
and pUL138, is not suitable for replication in fibroblasts 
but for efficient replication in endothelial cells, infected 
with the TB40E or fusion-inducing factor X (FIX) HCMV 
strain, is needed. It was found, if the endothelial cells are 
not infected with the entire locus (UL133-UL138) of HCMV, 
virus complete the immediate-early and early phases of 
infection but are defective for infectious progeny virus 
production, the differences in the organization of intracel-
lular membranes and in the assembly of mature virions 
in the comparison of endothelial cells infected with wild-
type virus are present, Golgi stacks are disrupted, and 
the viral assembly compartment characteristic of HCMV 
infection failed to form (Bughio et al., 2013).

UL/b' genes (UL135, UL128, UL130, UL131A) act in 
regulation of actin cytoskeleton 

HCMV infection of monocytes leads to a wide range of 
biological changes that shape the behavior of target mono-
cytes. HCMV-infected monocytes are characterized by the 
overexpression and secretion of inflammatory cytokines, 
an enhanced cellular motility, the increased expression 
of adhesion molecules allowing for tight adhesion of 
infected monocytes to endothelial cells, an increase in 
transendothelial migration, and the promotion of cellular 
differentiation (Yurochko and Huang, 1999; Smith et al., 
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2004, 2007). HCMV by engaging cellular receptors changes 
the biology of blood monocytes, allowing for efficient viral 
entry into these cells and their use as virus-carriers in 
HCMV systemic spread. These biological changes of target 
monocytes shape their behavior. HCMV-infected mono-
cytes are characterized by the overexpression and secre-
tion of inflammatory cytokines, an enhanced cellular 
motility, the increased expression of adhesion molecules 
allowing for tight adhesion of infected monocytes to en-
dothelial cells, an increase in transendothelial migration, 
and the promotion of cellular differentiation. However, 
it remains unclear, assuming the fact that HCMV specifi-
cally induces this observed activation of monocytes. The 
biological changes seen in HCMV-infected monocytes 
allow the virus to use the natural sentinel role of circulat-
ing monocytes to exit the blood stream and translocate 
to multiple host organ tissues, where monocytes, which 
are nonpermissive for viral replication, undergo a dis-
tinct HCMV-driven differentiation into macrophages 
that support viral replication and production of progeny 
virions. Only virions possessing the pentameric complex 
are capable of activating integrin/Src/paxillin-signaling 
in monocytes. Nevertheless, the mechanism by which 
the gH/gL/UL128/UL130/UL131A complex promotes this 
process is also unknown. The HCMV pentameric complex 
has an inhibitory effect on integrin mediated signaling in 
fibroblasts. For the virus entry process into the monocytes 
is critical appropriate actin and dynamin regulation. From 
data, the HCMV gH/gL/UL128/UL130/UL131A complex 
emerges as the specific ligand driving the activation of the 
receptor-mediated signaling required for the regulation 
of the actin cytoskeleton (Nogalski et al., 2013).

UL135, by remodelization of the actin cytoskeleton, 
suppresses formation of the immunological synapse (Pa-
tel et al., 2018). When the cells were infected with Merlin 
UL135 strain, cells were less rounded when assessed by 
microscopy, and cells did not exhibit loss of F-actin from 
the center of the cell that is normally observed following 
HCMV infection, implying that UL135 had an important 
role in the characteristic cytopathic effect induced by 
HCMV. In addition, pUL135 interacted directly with 
Abelson interactor 1 (ABI1) and ABI2 to recruit the WAVE2 
regulatory complex to the plasma membrane, remodel the 
actin cytoskeleton and dramatically reduce the efficiency 
of immunological synapse formation. Furthermore, the 
correlation exists between the presence of actin fibers 
in the target cell and the structure of the immune syn-
apse formed with NK cells. F-actin in target cells plays a 
critical role, when F-actin fibers were disrupted by UL135 
expression; the ability of the NK cells to form an immune 
synapse was impaired. The formation of effective im-
munological synapse is requirement in the effector cell 
and this requirement is targeted by HCMV to mediate 

immune-evasion (Takenawa and Suetsugu, 2007; Stanton 
et al., 2014).

UL141 keeps HCMV in charge

The UL141 is the first HCMV gene with primary NK 
cells evasion role that acts to suppress two and more 
NK-signaling mechanisms. Infection with HCMV clinical 
isolates consistently bestowed substantially more effec-
tive protection from NK cell attack than did the highly 
passaged laboratory strain AD169, proving that NK cell-
evasion functions have consistently been lost in vitro. 
Use of a recombinant HCMV consisting of Towne and 
the UL/b' region from Toledo revealed that transferring 
the UL/b' region conferred resistance to NK cell killing. 
For this phenotype, a UL141 gene was responsible. The 
UL141 was capable of suppressing killing of 67% of all NK 
cell clones tested, consistent with targeting of a principal 
NK cell-regulatory pathway by the gene. The UL141 has 
a  broad inhibitory effect on the NK cells by its cellular 
target, CD155 (poliovirus receptor/nectin like molecule 5).  
CD155 is a  ligand for the activating receptor CD226 
(DNAM-1; DNAX accessory molecule 1). UL141 inhibits 
expression not only of CD155 but also expression of an-
other NK cells activating ligand, CD112, and cellular death 
receptors (TRAIL–R1-4; TNF-related apoptosis-inducing 
ligand receptors 1-4) for the apoptosis-inducing ligand 
TRAIL (Tomasec et al., 2005; Smith et al., 2013).

The fact that UL141 inhibits NK cell ligand expression 
for the CD155, DNAM-1 activating receptor, was found by 
extensive screening of known ligands activating NK cells 
on the surface of cells infected with rAdUL141 (replica-
tion deficient adenoviruses). When UL141 was bound and 
sequestrated inside the endoplasmic reticulum (ER), the 
surface expression of CD155, a protein normally involved 
in formation of stromal cell-cell junctions (Maier et al., 
2007) and an activating ligand for DNAM-1 (CD226) and 
CD96 on NK cells (Bottino et al., 2003; Fuchs et al., 2004), 
was impaired. Functions of UL141 were observed by sub-
cloning a HCMVΔUL141 strain from TB40E (Tomasec et al., 
2005). In addition, Bottino et al., 2003 found that another 
ligand for DNAM-1, is also downregulated upon HCMV 
infection and rescued by deletion of UL141 from Merlin 
strain but using a different mechanism (Bottino et al., 
2003; Prod'homme et al., 2010). For downregulation and 
degradation of CD112 ligand, UL141 also utilizes another 
gene that is located outside the UL/b' region, US2. UL141, 
in conjunction with US2, uses the same mechanism by 
which US2 induces HLA-I (human leukocyte antigen I) 
heavy chain proteasomal degradation, namely the TRC8-
dependent mechanism (Hsu et al., 2015). HCMV UL141 can 
directly bind HCMV US2 and form a multimeric complex 
with CD112 (Nemčovičová et al., unpublished data).
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UL141 also restricts expression of the death receptors 
for TNF-related apoptosis inducing ligand receptors 1 and 
2 (TRAIL-R1 and R2), binding directly to both TRAIL-R1 
and -R2 ectodomains (Nemčovičová et al., 2013). Death re-
ceptors are cell surface receptors that transmit apoptotic 
signals initiated by specific ligands, e.g. TRAIL. These 
receptors play a central role in instructive apoptosis and 
belong to the tumor necrosis factor receptor (TNFR) gene 
superfamily. They consist of cysteine rich extracellular 
subdomains and a homologous cytoplasmic sequence 
termed the “death domain”. Adaptor molecules interact 
with the death receptors and transmit the apoptotic 
signal to the death-machinery (Mahalingam et al., 2009; 
Nemčovičová and Zajonc, 2014). UL141 is responsible for 
downregulation of both TRAIL-R1 and -R2 during HCMV 
infection, also through the ER (Nemčovičová et al., 2013; 
Smith et al., 2013). In addition, it has been found that 
overexpression of UL141 through replication-deficient 
adenoviruses (rAds) is protected during apoptosis, while 
cells infected with HCMVΔUL141 on a  strain FIX back-
ground were more susceptible, to TRAIL-dependent NK 
cell killing (Smith et al., 2013).

Structural study of the Ig-like domain of UL141 and 
the CD155 ligand TIGIT (T-cell immunoreceptor with Ig 
and ITIM domains) revealed that UL141 could potentially 
engage CD155 similar to TIGIT by using the C'C'' and GF 
loops. Further mutations in the TIGIT binding site of 
CD155 (Q63R and F128R) abrogated UL141 binding, sug-
gesting that the Ig-like domain of UL141 is a viral mimic of 
TIGIT, as it targets the same binding site on CD155 using 
similar ‘lock-and-key’ interactions. Sequence alignment of 
the UL141 gene and its orthologues also showed conserva-
tion in this highly hydrophobic (L/A)X6G ‘lock’ motif for 
CD155 binding as well as conservation of the TRAIL-R2 
binding patches, suggesting that these host-receptor 
interactions are evolutionary conserved (Nemčovičová 
and Zajonc, 2014).

In a recent study by Murrell et al. (2016) it has been 
found that all known mutations in the (UL)/b' region 
in epithelial cells involved the loss or mutation of the 
UL141 gene (Murrell et al., 2016). Such modulation of the 
immune response permits persistence of the virus in the 
host organism. UL141 is remarkable in that it prevents NK 
cell mediated cytotoxicity by targeting at least 4 different 
proteins using two independent mechanisms of intracel-
lular retention and proteasomal degradation (Picarda and 
Benedict, 2018). Therefore, it is necessary to elucidate the 
interactions between UL141 and other human proteins 
and also to find out which ectodomains use UL141 to re-
verse the immune response of the organism.

UL142 interferes on MHC-class proteins in virus-
protective manner

Some of the HCMV-encoded gene products modulate 
NK cell activity as ligands expressed at the cell surface 
that engage inhibitory NK cell receptors, whereas others 
prevent the infected cell from upregulating ligands that 
bind to activating NK cell receptors (Bennett et al., 2010). 
The viral protein UL142 interferes with NK group 2D 
(NKG2D)-mediated NK cell activation. NKG2D, homodi-
meric receptor, is a major activating NK receptor (NKR) 
expressed on all human NK cells ex vivo (Bauer et al., 
1999). Human cells express at least eight NKG2D ligands 
(NKG2DLs): MIC A/B, ULBP1-3, RAET1E (ULBP4), RAET1G 
(ULBP5), and RAET1L (ULBP6). It was shown that viral 
UL16 of HCMV is able to prevent the surface expression of 
four of these ligands (MIC B and ULBP1, 2, and 6) but not 
the related ULBP3 and MIC A (Cosman et al., 2001; Eagle 
et al., 2009). Downregulation of surface expression of the 
closely related MIC A was also demonstrated in HCMV-
infected cells mediated by UL142 protein (Chalupny et 
al., 2006). Bennett et al. (2010) showed that the HCMV 
gene product UL142 can prevent cell surface expression 
of ULBP3 during infection. UL142 prevents ULBP3 traf-
ficking to the surface and protects transfected cells from 
NK-mediated cytotoxicity. In addition, it was shown that 
HCMV-infected cells can downregulate surface levels of 
ULBP3, while only wild-type virus has this property, and 
that the laboratory-adapted strain AD169, missing the 
UL/b' region, is unable to control ULBP3 surface expres-
sion. UL142 is unable to downmodulate mature ULBP3 
from the cell surface; instead, it promotes retention of 
nascent ULBP3 protein in the cis-Golgi, thereby prevent-
ing trafficking of the NKG2DL to the cell surface.

HCMV tropism modulator UL148 activates the 
unfolded protein response 

UL148 is a viral ER-resident glycoprotein encoded by 
HCMV that acts as an inducer of the unfolded protein 
response (UPR) and contributes to HCMV cell tropism. 
UL148 has a potential to promote the expression of gO, 
a viral envelope glycoprotein that participates in a het-
erotrimeric complex with gH and gL that is required for 
infectivity. gO is constitutively degraded during infection 
by the ER-associated degradation (ERAD) pathway and 
UL148 interacts with the ERAD machinery and slows gO 
decay (Nguyen et al., 2018; Siddiquey et al., 2018). 

On the surface of T and NK cells an important co-
stimulatory molecule, CD2 is located. CD2 is able to bind 
to CD58 (LFA-3) on the surface of antigen presenting 
cells (APC) (Thomas, 1989). The role of the CD58:CD2 
signaling is important for adaptive NK cell activity as 
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well as regulating cell adhesion and the immunological 
synapse formation (Leitner et al., 2015). On the surface 
of HCMV infected cells, following AD169 infection, CD58 
was upregulated (Grundy and Downes, 1993) and later it 
was identified that the difference in CD58 expression cor-
related with the amount of NK mediated killing (Fletcher 
et al., 1998). Rölle et al., 2016 showed that blocking CD58 
on the surface of AD169-infected MRC-5 fibroblasts 
resulted in reduced interferon gamma (IFNγ) and TNF 
production by NK cells (Rölle et al., 2016). Later research 
with Merlin-infected cells also led to a decrease in CD58 
on the surface of fibroblasts (Weekes et al., 2014; Fielding 
et al., 2017), as a result of UL148-mediated sequestration 
in the ER (Wang et al., 2018). The greatest effect of UL148 
on NK cell activation was recorded in context of antibody 
dependent cellular cytotoxicity (ADCC) and there exists a 
correlation with contribution of the CD2:CD58 pathway 
(McSharry et al., 2012).

Prototype anti-inflammatory drug inspired by 
viral tricks of UL144

UL144 has been reported to have several functional con-
sequences on antiviral immunity, one being induction of 
production of CCL22 (a macrophage-derived chemokine) 
via TRAF-6 (TNF receptor-associated factor 6)-mediated 
NF-κB (nuclear factor-κB) signaling to enhance Th2 re-
sponses. UL144 causes constitutive NF-κB activation by 
recruitment of TRAF-6, while CCL22 is a chemotactic 
factor, which may affect migration of CCR4 expressing 
NK cells (Poole et al., 2006, 2008; Yoshie and Matsushima, 
2015). In contrast, UL144 can also be anti-inflammatory by 
evading CD160-mediated activation of NK cells. Together, 
these data indicate that UL144 likely plays multiple roles 
in regulating immunity to CMV infection. 

In addition, UL144 is known as an immunoevasin 
that encodes an ortholog for the herpes virus entry me-
diator (HVEM) a member of TNF receptor superfamily 
(TNFRSF14). HVEM is a focal point for manipulation by 
viral pathogens including CMV (Benedict et al., 1999). It 
interacts with multiple ligands expressed in the immune 
system including the TNF superfamily cytokines, LIGHT 
and lymphotoxin-α (LT-α), the immunoglobulin super-
family members BTLA (B- and T-lymphocyte attenuator) 
and the natural killer cell-activating receptor CD160 that 
serve as checkpoint regulators in T cells (Ware and Šedý, 
2011). As receptors for HVEM are found on T and NK cells, 
it was predicted that UL144 would affect both these ef-
fector subsets. In the presence of plate bound UL144, the 
significant reduction of CD4+ T-cells proliferation was 
reported (Cheung et al., 2005). This was attributed to 
the binding of UL144 to BTLA, a co-inhibitory receptor. 
However, UL144 selectively binds BTLA, avoiding activa-

tion of inflammatory signaling initiated by CD160 in NK 
cells. Unlike HVEM, UL144 is not capable to bind CD160, 
which normally provides a co-stimulatory signal for NK-
cells promoting cytolytic activity. For this reason, UL144 
has been proposed to provide a specific inhibitory signal 
via BTLA counterbalancing HVEM-induced activation 
signals through CD160 (Šedý et al., 2013, 2017). Further 
investigation has revealed that posttranslational modi-
fications (PTM) on UL144 are also involved in receptor 
recognition machinery of HCMV (Nemčovičová et al., un-
published data). Wild-type UL144 maintains more than 10 
potential glycosylation sites located in extracellular part 
of the gene, while its ortholog, HVEM, has only one site in 
CRD2. Many of them are not present in viruses of other 
species suggesting that potential glycosylation on UL144 
is important only in humans and may play a role in ligand-
binding recognition. Our recent study has indicated that 
glycosylation-deficient (GD) mutant of recombinant 
UL144 could bind CD160 with similar affinity as observed 
for soluble HVEM, while this GD mutant is still unable to 
bind LIGHT. These data together highlight importance 
of UL144 glycosylation in HCMV immune recognition.

In addition, BTLA and CD160 cross-compete for binding 
HVEM. The UL144 structure closely mimics the surface of 
HVEM (Bitra et al., 2019), and there was also found that 
both HVEM and UL144 bind a common epitope of BTLA, 
whether engaged in trans or in cis, that is shared with a 
BTLA antibody agonist (Šedý et al., 2017). Furthermore, 
these recent results illuminate structural differences 
between UL144 and HVEM that explain its binding selec-
tivity and highlight it as a suitable scaffold for designing 
superior, immune inhibitory BTLA agonists.

other genes in UL/b' region with potential to 
modulate nK cell function

In the regulation of MIC A expression, the UL148A 
appears to be a very promising candidate for its ability 
to downregulate MIC A expression. The UL148A targets 
specific MIC A allotypes that are ligands for NKG2D. By 
using HCMV knock-out viruses on an AD169VarL back-
ground UL148A was identified (Dassa et al., 2018; Patel 
et al., 2018). UL148A is not sufficient for MIC A targeting, 
but rather acts in concert with an unknown viral factor. 
Using inhibitors of different cellular degradation path-
ways, UL148A targets MIC A for lysosomal degradation 
and in addition, UL148A-mediated MIC A downregulation 
hampers NK cell-mediated killing of HCMV-infected cells 
(Dassa et al., 2018).

Another gene in UL/b' region with potential to modu-
late NK cells is UL148D. In the study of this gene, it was 
found that a HCMV-encoded miRNA, miR-UL148D, ro-
bustly accumulates during late stages of experimental 
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latent HCMV infection in host cells and promotes HCMV 
latency by modulating the immediate early response gene 
5 (IER5)-cell division cycle 25B (CDC25B) axis in host cells. 
The miR-UL148D efficiently inhibited the up-regulation 
of IER5 during latent viral infection, maintaining the 
activity of CDC25B and cyclin-dependent kinase 1 (CDK1) 
and thus controlling immediate early 1 (IE1) transcription 
(Pan et al., 2016). The miR-UL148D has been shown also in 
a lytic infection to target chemokine RANTES (regulated 
on activation, normal T-cell expressed and secreted). The 
ligand for RANTES, CCR5, can be detected on CD16− NK 
cells, which migrate upon RANTES treatment (Campbell et 
al., 2001). Therefore, the prevention of RANTES production 
may potentially affect the migration of NK cells toward 
HCMV infected cells.

UL146 and UL147 ablate antiviral immunity by 
manipulating the host chemokine system 

As mentioned earlier, HCMV possesses genes that 
encode factors involved in immune evasion, which 
could function to increase viral spread and survival. It 
encodes CXC chemokine homolog UL146 (vCXCL-1), UL147 
(vCXCL-2), UL128 (Akter et al., 2003), and chemokine re-
ceptors (McSharry et al., 2012). Both the UL146 and UL147 
genes are located at the UL/b' boundary and in 19 ORFs 
between UL133 and UL151; these genes are also getting 
lost after extensive serial passaging of the Towne and 
AD169 strains in tissue culture. These two genes exhibit 
high intra strain variability, although no functional differ-
ences have yet been reported to be associated with these 
variants (Sijmons et al., 2015). Moreover, the UL146 gene 
is one of the most variable genes in the HCMV genome, 
and 14 genotypes have been catalogued (Arav-Boger et 
al., 2005). It has been suggested that HCMV could abate 
antiviral immunity by manipulating the host chemokine 
system and suppressing the immune system.

In the study of Lüttichau (2010), the UL146 was probed 
against a panel of the 18 classified human chemokine 
receptors. In calcium mobilization assays UL146 acted as 
an agonist on both CXCR1 and CXCR2 but did not activate 
or block any of the other 16 chemokine receptors. UL146 
was characterized and compared with other receptors. 
The affinities of UL146 for the CXCR1 and CXCR2 receptors 
were 44 and 5.6 nM, respectively, as determined in com-
petition binding against radioactively labelled CXCL8. 
In various assays UL146 acted as a highly efficacious 
activator of both receptors, with a rather low potency 
for the CXCR1 receptor but comparable with CXCL5 and 
CXCL7. It is suggested that CMV uses the UL146 gene 
product expressed in infected endothelial cells to attract 
neutrophils by activating their CXCR1 and CXCR2 recep-
tors, whereby neutrophils can act as carriers of the virus 

to uninfected endothelial cells. In that way a lasting pool 
of CMV-infected endothelial cells could be maintained.

Conclusions

Persistent viruses represent a serious and worldwide 
clinical problem, thus the knowledge of the targets and 
mechanisms by which CMV immunomodulation is 
achieved is an important step in our search for new thera-
peutic strategies and potential targets. When developing 
new therapeutic biological agents, it is important to think 
about minimizing the adverse effects of these substances 
as well as their long-term use. Immunomodulatory 
biological agents have the potential to treat diseases that 
are associated with immune system disorders such as 
hyperactive conditions, inflammatory diseases, autoim-
mune diseases as well as transplant rejection, or immune 
responses stimulated to reverse hypoactive immune re-
sponses in cancer or chronic bacterial or viral infections.

In the development of various immunomodulatory ap-
proaches, to fight a broad range of human diseases, were 
mostly used mAb-based therapeutics, which neutralize 
or target positive cells (Chan and Carter, 2010; Weiner et 
al., 2010), or recombinant fusion proteins that can engage 
and manipulate cell surface signaling molecules on host 
immune cells to modulate antigen-specific receptor sig-
nals to control the direction and magnitude of lymphocyte 
responses (Yao et al., 2013). Since immunomodulatory 
biological agents act on the basis of two mechanisms of 
action: antagonists (blocking or neutralizing the interac-
tion between receptors and ligands) or agonists (inducing 
receptor signaling by mimicking ligand) and, in addi-
tion, lymphocyte activation can be inhibited to suppress 
unwanted immunity either by blocking co-stimulatory 
receptors or triggering a negative regulatory pathway, it 
is extremely important, due to the temporal and spatial 
differential expression of co-signaling molecules during 
immune activation and their differential involvement in 
cancer and viral evasion, to understand the mechanism 
of individual pathways to design the most effective thera-
peutic biological agents with minimized side effects on 
the immune system.

Research of HCMV genomic stability and its effect on 
NK cells function has provided important insights into 
host-virus interactions, but future studies will require 
consideration of genetic variability and the effect of genes 
expressed in the context of infection to fully understand 
their in vivo impact.

HCMV encodes >170 viral proteins, more than half of 
which are able to modulate the host's immune response. 
The UL/b' genomic region contains genes that are re-
sponsible for human immunomodulation. Many genes 
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in this region are directed to the inhibition of NK cells, 
which are an important part of the immune system. At 
least 5 genes from this locus, UL135, UL141, UL142, UL148, 
UL148A inhibit NK cell function. In addition, UL135 is also 
involved in the remodeling of actin cytoskeleton thereby 
inhibiting the production of immunological synapses as 
well as the UL128, UL130 and UL131A act in the regula-
tion of the actin cytoskeleton. The UL130 is also part of 
the pentameric complex gH/gL/UL128/UL130/UL131A, 
which is one of the primary targets of neutralizing anti-
bodies to HCMV and thus an important agent for vaccine 
development. In the UL/b' region there is an UL133-UL138 
genomic region which is an important post-entry tropism 
determinant required for viral maturation. As such cell 
tropism modulator is also known UL148, which activates 
unfolded protein response. UL146 and UL147 in turn ablate 
antiviral immunity by manipulating the host chemokine 
system and suppress the immune system.

An extraordinarily effective strategy is encoded by the 
HCMV UL141 protein, which inhibits cell surface expres-
sion of the CD155 and CD112 to activate NK via DNAM-1 
and CD96. Moreover, it was found that UL141 binds CD155 
ectodomain by lock-and-the-key mechanism, thus mim-
icking another important cellular ‘checkpoint’ receptor 
TIGIT. In addition, UL141 also binds and inhibits expres-
sion of the death receptors for the TNF family apoptotic 
ligand TRAIL. This pleiotropy of UL141 is required for 
its broad and potent inhibition of NK cells, and a viral 
mutant lacking UL141 is highly susceptible to NK killing, 
revealing how disrupting the function of a single HCMV 
immune-modulating gene can tip the balance in favor of 
host defense.

In regards to regulation of immunity, HCMV UL144 
gene product plays multiple roles. UL144 is an orthologue 
of HVEM that selectively binds the co-inhibitory ‘check-
point’ molecule BTLA and potently blocks T cell prolifera-
tion. On the other hand, the UL144 glycosylation plays 
also role in HCMV immune recognition and thus making 
it useful in the preparation of anti-inflammatory drugs 
based on the viral tricks. 

Nevertheless, our overall understanding of how HCMV 
evades and modulates intrinsic immune sensors and ef-
fectors during infection remains still superficial. Viruses 
are in a constant arms race with the host immune system, 
hijacking host proteins and modulating their function 
to ensure survival. It is not exactly known which viral 
proteins are actually present at the cell surface or which 
are retaining in the ER, or how viral and host proteins 
are cross interacting and how they are regulated during 
infection. Answering such questions has the potential to 
reveal novel mechanisms of immune evasion, new cell 
surface drug targets resulting in new immunomodula-
tory biologics and an improved understanding of HCMV 

biology. Therefore, the challenging next step will be to 
translate this increasing knowledge into prophylactic and 
therapeutic applications.
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