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1. Introduction

Cytomegalovirus (CMV) is a widespread pathogen that infects a majority of the world’s
population by early adulthood with approximately 50-85% of individuals over 40 being
seropositive [1,2]. CMV can establish a life-long infection with its host by becoming latent
during the lysogenic stage of the viral life cycle in which the virus becomes dormant and the
shedding and production of infectious virions ceases [3]. However, the virus can later re-enter
the lytic stage of the viral life cycle when presented with certain environmental cues, such as
stress, thereby triggering the production of viral progeny and resulting in an acute infection
of the host. Immunocompetent individuals generally display no symptoms of acute CMV
infection, but CMV can cause morbidity and mortality in those with weakened or not fully
developed immune systems [4]. The clinical manifestations of CMV infections in those with
weakened immune systems, include spiking fever, malaise, leucopenia, encephalitis, pneu‐
monitis, hepatitis, uveitis, retinitis, gastrointestinal disease and graft rejection [5,6]. If primary
infection or reactivation of CMV occurs during pregnancy in women, serious complications
will arise for the fetus or developing embryo. CMV is the leading cause of viral birth defects,
including microcephaly, mental retardation, spastic paralysis, hepatosplenomegaly, anemia,
thrombocytopenia, deafness, and optic nerve atrophy that subsequently leads to blindness [5,
7]. CMV is also responsible for 8% of infectious mononucleosis cases [8].

Although immunocompetent individuals generally display no symptoms of CMV infection,
CMV has been implicated in playing a role in several proliferative and inflammatory diseases
[9]. CMV has been linked with several forms of cancer, such as colon, breast, and prostate.
Previously, CMV was regarded as having an oncomodulatory role in cancers by infecting
tumor cells and modulating their malignant properties. It was hypothesized that tumor cells
provided a genetic environment that allowed CMV to exert its oncomodulatory effects. CMV
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was then identified as a potential therapeutic target in those tumors infected with CMV [10-12].
However, recent evidence supports oncogenic properties of CMV in certain cancers, such those
as in salivary gland [13]. Furthermore, epidemiological and pathological studies suggest a
strong link between CMV and atherosclerosis [9]. A potential mechanism for CMV in the
pathogenesis of atherosclerosis involves the reactivation of virus followed by virus-induced
enhancement of vascular inflammation and damage through smooth cell proliferation, uptake
of low-density lipoproteins, and narrowing of the vessel lumen [1].

Antiviral agents that inhibit CMV viral replication exist, including ganciclovir, valganciclovir
(the prodrug of ganciclovir), foscarnet, and cidofovir [1]. The primary mechanism of action of
ganciclovir/valganciclovir against CMV is through the inhibition of the replication of viral
DNA by ganciclovir-5′-triphosphate, which includes a selective and potent inhibition of the
viral DNA polymerase [14]. Foscarnet, by comparison, interferes with the exchange of
pyrophosphate from deoxynucleoside triphosphate during viral replication by binding to a
site on the CMV DNA polymerase [15]. Similarly, cidofovir inhibits CMV DNA synthesis by
DNA chain termination following incorporation of two consecutive cidofovir molecules at the
3'-end of the DNA chain [16]. Nonetheless, the antiviral agents commonly used to treat CMV
infections suffer from high hematologic, renal, and neutropenia toxicity, low bioavailability
and the development of drug-resistant virus strains [9,17]. Furthermore, there is no effective
vaccine available.

The lack of an effective treatment for CMV infections has increased interest in the identification
of targets for the development of novel CMV antiviral treatments. These include proteins
found within the tegument of CMV virions. These proteins are abundant and play pivotal roles
in the viral life cycle, including immune evasion, viral entry, gene expression, assembly of new
virus particles and egress through an envelopment-deenvelopment-reenvelopment process
[18]. The structure of the CMV tegument, the roles of some major tegument proteins in the
CMV life cycle, and the therapeutic potential of CMV tegument proteins will be reviewed.

2. Cytomegalovirus structure and function of the tegument

CMV is a member of the Betaherpesvirinae sub-family of the Herpesviridae family, (Figure 1).
The  virion  has  an  icosahedral  protein  nucleocapsid  that  contains  the  235-kb  double-
stranded DNA. The capsid is surrounded by a proteinaceous tegument and an outer lipid
envelope [1]. CMV virions gain entry into a host cell via a membrane fusion event involving
the outer membrane of the cell and the glycoproteins located on the lipid envelope of the
virion.  When  the  cell  membrane  and  lipid  envelope  fuse,  the  DNA-containing  protein
nucleocapsid and tegument proteins are released into the host cell. This initiates the lytic
stage of the viral life cycle [19].

The proteins in the tegument are excellent candidates for novel CMV antiviral treatments due
to their abundance and significant roles in all stages of the viral life cycle. The tegument, located
between the outer lipid membrane and the icosahedral protein nucleocapsid is largely
unstructured and amorphous although some structuring is seen with the binding of tegument
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proteins to the protein capsid [20]. The tegument proteins comprise more than half of the total
proteins found within infectious CMV virions [21]. Tegument proteins are phosphorylated
and undergo other posttranslational modifications, but the significance of these modifications
is unknown [19]. A common biochemical sequence to direct proteins into the tegument has
not been identified, and the process of assembling the viral tegument upon viral egress and
disassembly upon viral entry into cells is unclear [22]. Incorporation of proteins in the
tegument is likely facilitated by the phosphorylation of the tegument proteins, their subcellular
localization to the assembly site and their interaction with capsids or the cytoplasmic tails of
envelope proteins [18].

As mentioned, the tegument proteins gain entry into the host cell along with the DNA-
containing protein nucleocapsid upon fusion of the outer membrane of the host cell and the
outer glycoprotein riddled lipid membrane of the CMV virion [19]. Once the tegument proteins
are released into the cytoplasm, they become functionally active and participate in all stages
of the viral life cycle [1].

3. Cytomegalovirus tegument proteins

The CMV tegument proteins play pivotal roles illustrated in Figure 2. The known or inferred
functions of tegument proteins are presented in Table 1, compiled using a functional profiling
of the CMV genome from a global mutational analysis [18,62,63]. Gene expression classifica‐
tions are based on when expression occurs during the viral life cycle (Immediate-Early, Early,
Early-Late, and Late). Finally, the tegument proteins are categorized based on their role in lytic

Figure 1. A cartoon depicting the structure of the HCMV virion. (Image obtained from (http://www.virology.net/
big_virology/bvdnaherpes.html website) courtesy of Dr. Marko Reschke in Marburg, Germany).
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replication. Some proteins are essential for replication, while others are required for efficient
replication (augmentative), or dispensable for lytic replication. The roles of major tegument
proteins are presented in sections 3.1-3.4 in the context of the various stages of the CMV life
cycle, which includes viral entry, viral replication and gene expression, immune evasion of the
host, and assembly and egress of new infectious virions.

Figure 2. Illustration of the CMV life cycle from viral entry to egress of new infectious virions.

3.1. Viral entry

Mechanistically, the CMV virions enter host cells through a membrane fusion event involving
the host cell's outer membrane and the glycoproteins located on the lipid envelope of the CMV
virions [19]. The receptors on the viral envelope connect to complementary receptors on the
cell membrane of the host cell. This initial interaction makes the cell susceptible to further
interactions that allow the membranes to fuse, and the subsequent disassembly and release of
the viral genomic DNA and tegument into the host cell. It is believed that several tegument
proteins mediate delivery of the DNA-containing nucleocapsid to the nuclear pore complex
and the release of the viral DNA into the nucleus [18]. Comparisons with other herpesviruses
suggest that the UL47 and UL48 CMV tegument proteins, along with microtubule motor
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proteins, facilitate the delivery of the CMV nucleocapsids to the nuclear pore complex and the
release of the CMV genome into the nucleus [18,64]. Pp150 may also play a role in viral entry
due to its tight association with the CMV capsids [65].

3.2. Viral replication and gene expression

Once the viral genome enters the nucleus of the host cell, the viral immediate-early genes are
expressed through their activation by the pp71 tegument protein, which initiates the lytic stage
of the viral life cycle and the subsequent replication of the 235-kb double-stranded CMV DNA
genome [46]. It is important to note though that the expression of the immediate-early genes
can be repressed resulting in a latent infection that is characterized by the minimization of viral
gene expression and the inhibition of the assembly and egress of new viral progeny [1,66].
Although pp71 is known to play a pivotal role in the expression of the immediate-early genes
during the lytic stage of the CMV life cycle, the gene products of UL35 and UL69 have been
implicated in gene expression [18]. However, more research is necessary to identify the other
tegument proteins involved in viral gene expression.

3.3. Immune evasion

CMV evades the host cell immune system through the targeting of intrinsic, innate, and
adaptive immune responses by several different tegument proteins, including pp65, pp71, and
IRS1/TRS1. pp65 the major tegument protein involved in immune evasion of the host as well
as IRS1/TRS1 modulate the innate and adaptive immune responses. pp71 modulates the
intrinsic immune defense through its neutralization of the Daxx-mediated repression of
immediate-early gene expression. Without immune evasion, the lytic stage of the viral life cycle
is inhibited. The roles of pp65 and pp71 in modulating the host cell immune response is further
discussed below in sections 4.1 and 4.3 respectively [18].

3.4. Assembly and egress

After viral DNA replication, the immediate-early gene products, which include several
tegument proteins as seen in Table 1, turn on the expression of viral late genes [1]. The viral
late proteins are mainly structural components that assist in the assembly and egress of newly
formed infectious CMV virions [1]. The primary tegument proteins involved in assembly and
egress are pp150, pp28, and UL97. pp150 directs the movement of the cytoplasmic capsids to
the site for particle formation, while pp28 directs the enclosure of the tegument proteins and
DNA-containing nucleocapsids within an enveloped particle [18,26,52]. UL97 phosphorylates
the tegument proteins through its kinase activity, which may facilitate the incorporation of the
tegument proteins into new infectious virions [18,30]. Once the virions are packaged, they are
shed from the host cell through an exocytosis mechanism which uses the host cell's transport
system to enclose vacuoles containing the newly synthesized infectious virions for release into
the extracellular space.
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Gene

(Protein)
Expression

Essential for Lytic

Replication
Known or Inferred Function Reference

UL23 Early-Late Dispensable
Involved in events immediately after virus

penetration
[23]

UL24 Early-Late Dispensable
Involved in events immediately after virus

penetration
[23]

UL25 Late Dispensable Structural protein [25]

UL26 Early-Late Augmentative Transcriptional activation [24]

UL32 (pp150) Late Essential
Virion egress (directs capsid to the site of final

envelopment)
[26]

UL35 Late Augmentative Viral replication and particle formation [27]

UL36 Immediate-Early Dispensable
Control of a caspase-independent cell death

pathway
[28]

UL38 Immediate-Early Augmentative Control of apoptosis [29]

UL43 Late Dispensable
Involved in events immediately after virus

penetration
[23]

UL44 Early Essential
CMV DNA polymerase processivity/transcription

factor
[31]

UL45 Late Augmentative
Influences virus growth at low multiplicities of

infection
[32]

UL47 Late Augmentative
Release of viral DNA from nucleocapsid

[33]
Disassembling of virus particles

UL48 Late Essential
Deubiquitinating protease

[34]
Release of viral DNA from capsid

UL50 Early Essential Egress of nucleocapsids [35]

UL53 Late Essential Egress of nucleocapsids [36]

UL54 Early Essential CMV DNA polymerase [37]

UL56 Early-Late Dispensable DNA packaging [38]

UL57 Early Essential Single-stranded DNA-binding protein [39]

UL69 Early-Late Augmentative
Nuclear export of unspliced mRNAs

[40]
Arrests cell cycle in G1 phase

UL71 Early-Late
Augmentative/

Essential
Late envelopment [41]

UL72 Late Dispensable Inactive [42]

UL76 Early
Augmentative/

Essential
Modulation of gene expression [43]
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Gene

(Protein)
Expression

Essential for Lytic

Replication
Known or Inferred Function Reference

UL77 Early Essential DNA packaging/cleavage [44]

UL79 Early-Late Essential Promotes the accumulation of late viral transcripts [45]

UL82 (pp71) Immediate-Early Augmentative
Degrades Daxx; facilitates Immediate-Early gene

expression
[46]

UL83 (pp65) Early-Late Dispensable

Endogenous kinase activity

[47,58,59]
Associated kinase activity

Evasion of adaptive immunity

Evasion of innate immunity

UL84 Early Essential CMV DNA replication [48]

UL88 Late Dispensable Unknown N/A

UL93 Late Essential Virion packaging [49]

UL94 Late
Augmentative/

Essential
Putative DNA-binding protein [50]

UL96 Early
Augmentative/

Essential

Preserves the integrity of the nucleocapsid during

translocation from the nucleus to the cytoplasm
[51]

UL97 Early-Late Augmentative

Kinase that phosphorylates UL44

[30,60,61]Stimulates DNA replication, assembly, and egress

Cyclin-dependent kinase-like functions

UL99 (pp28) Late Essential Directs the enclosure of enveloped virus particles [52]

UL103 Late Augmentative Regulates virus particle and dense body egress [53]

UL112 Early Augmentative CMV DNA replication [54]

IRS1/TRS1 Early-Late
Augmentative/

Essential

Inhibits PKR antiviral response
[55]

Virion assembly

US22 Early Dispensable
Involved in events immediately after virus

penetration
[23]

US23 Early Augmentative Colocalization with pp65 [57]

US24 Early Augmentative Activation of viral gene expression [56]

Table 1. CMV tegument proteins and their known or inferred function.

4. Cytomegalovirus tegument proteins as potential antiviral targets

Since the CMV tegument proteins play pivotal roles in all stages of the lytic stage of the viral
life cycle, they are candidates for novel antiviral treatments. An antiviral agent able to bind to
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a major tegument protein and inhibit its function would prevent CMV from replicating its viral
DNA genome and producing new infectious virions. This would have great therapeutic value.
Examples of how tegument proteins could be targeted therapeutically are presented below
(See Figure 3).

Figure 3. Current and developmental antiviral agents that target acute CMV infection.

4.1. pp65

A good tegument  protein to  target  would be pp65,  since it  is  the most  abundant  tegu‐
ment protein [67]. pp65 is implicated in counteracting both innate and adaptive immune
responses during CMV infections.  It  invokes humoral  and cellular  immunity and is  the
dominant  target  antigen  of  cytotoxic  T  lymphocytes  [67].  In  addition  to  pp65  being
antigenic, it can also be considered a good antiviral target due to its immunomodulatory
role. pp65 prevents immediate-early proteins from being recognized by components of the
immune  system  in  addition  to  inhibiting  the  synthesis  of  the  various  components  in‐
volved in the host cell’s immune response through its associated enzymatic kinase activity
[58,59]. Thus, if you can inhibit the function of pp65, the host cell immune response would
be able to inhibit the CMV viral life cycle.

Recent evidence in support of pp65 as a target for a novel antiviral treatment strategy concerns
its subcellular localization during the lytic stage of the viral life cycle. pp65 migrates to the
nucleoli at the early stages of infection, which suggests a functional relationship between its
localization and the lytic stage of the viral life cycle [68]. However, pp65 begins to migrate to
the cytoplasm 48 hours into the lytic cycle through cyclin-dependent kinase activity and a Crm
1 exporter mediated migration [69,70]. It is likely that pp65 does not migrate independently
to the nucleoli as it remains in the cytoplasm in the absence of other components of CMV [71,
72]. This is significant as the localization patterns of the tegument proteins are correlated with
their function [73]. Furthermore, pp65 has a bipartite nuclear localization signal, which implies
that the nuclear localization signal is in a region that is initially inaccessible to importin proteins
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[74]. Another tegument protein may bind to pp65,, inducing a conformational change that
allows the inaccessible nuclear localization signal to be recognized by nuclear transport
molecules, triggering the characteristic nuclear localization of pp65 and the initiation of the
lytic cycle [71,72]. Importantly pp65 co-localizes with the tegument protein associated with the
CMV US23 gene product [57]. Thus, the US23 gene product could be the other tegument
protein necessary for pp65 to enter the nucleoli (also see section 4.2 UL97). Thus, two mono‐
clonal antibodies could be developed to target antigens present on the surfaces of pp65 and
the US23 gene product, which would prevent them from interacting and inhibit the develop‐
ment of the lytic stage of the CMV life cycle.

Additionally, pp65 can also be used to develop a vaccine to prevent or inhibit CMV infection.
An excellent example of pp65 being utilized to develop a novel vaccine to prevent CMV
infection concerns the two plasmid DNA vaccine, ASP0113. Currently, ASP0113 is in Phase I/
II clinical trials to prevent CMV infection in solid organ transplant recipients at high risk for
CMV infection. The vaccine is comprised of the highly immunogenic pp65 tegument protein
and the gB CMV surface protein, which utilizes the ability of pp65 to induce cell-mediated
response and gB to induce humoral immune system responses in those infected with CMV.
Results show a reduction in the number of CMV episodes and the time to initial viremia [75].

4.2. UL97

The UL97 gene product is also a tegument protein that could be targeted for the development
of a novel antiviral therapeutic. UL97 stimulates DNA replication, assembly, and egress in
addition to being a known kinase homologue [30,76]. UL97's kinase activity makes CMV
susceptible to the current CMV antiviral ganciclovir, a synthetic 2'-deoxy-guanosine analogue.
UL97 phosphorylates this synthetic analog to a deoxyguanosine triphosphate analogue, which
competitively inhibits the incorporation of it by viral DNA polymerase. This competitive
inhibition results in the termination of CMV DNA elongation [77].

Currently, a specific inhibitor of UL97 protein kinase activity, maribavir, inhibits viral
replication and is in clinical trials [78]. Maribavir is a benzimidazole riboside and inhibits CMV
DNA assembly as well as the egress of CMV nucleocapsids from infected host cells [78].
Maribavir was given fast track status by the Food and Drug Administration and is being
investigated in Phase 2 clinical trials using a high dose treatment option for clinically significant
CMV viremia.

The UL97 gene product also shows due to its association with pp65. UL97 and pp65 act directly
to form a complex during viral replication. When UL97 is genetically ablated or pharmaco‐
logically inhibited, pp65 localizes in unusual refractile bodies, which suggests that UL97 is
essential for the successful localization of pp65 to the nucleus of the host cell at the beginning
of the lytic stage of the viral life cycle [79]. Similarly to US23, UL97 may direct pp65 into the
nucleus to initiate the lytic stage of CMV replication [71,72]. Furthermore, a pp65 deletion
mutant exhibits modest resistance to maribavir [80]. pp65 may negatively regulate UL97 by
sequestering kinase that would be available to promote viral replication [81]. The interaction
between pp65 and UL97 could influence pp65-mediated immune evasion, because the
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presentation of viral immediate-early proteins to T cells is blocked when the proteins are
phosphorylated by UL97 kinase [81,82].

4.3. pp71

pp71 is also a major target for CMV antiviral research as it influences the activation of
immediate-early gene expression at the start of the lytic cycle [83]. Mechanistically, pp71
activates viral gene expression through the neutralization of the effects of the cellular Daxx
protein, which is recruited to promoters by DNA-binding transcription factors, resulting in
the repression of viral transcription [84]. pp71 binds to two inherent domains on Daxx and
induces its proteasomal degradation [85]. pp71 is slows the intracellular transport of MHC
class I molecules, which limits the display of CMV antigens on the surface of infected cells to
cytotoxic T lymphocytes [86].

A UL82 gene deletion mutant may serve as a potential novel CMV vaccine candidate as it can
enter cells efficiently and activate the innate immune response through interactions with cell
surface receptors. However viral gene expression is disrupted during infection when cells are
infected at a low multiplicity of the UL82 gene deletion mutant. The expression of the imme‐
diate-early genes that are involved in the host anti-viral response is blocked. One of the genes
whose expression would be blocked is the immediate-early 2 (IE2) gene that can antagonize
the host innate immune response by attenuating the interferon β response and blocking
chemokine expression. If the expression of IE2 is blocked, the number of cytotoxic T lympho‐
cytes and natural killer cells recruited to the infected cell would increase. Furthermore, viral
replication is limited with low multiplicity of infection with the UL82 gene mutant as this
would promote a robust anti-viral immune response. Thus, a novel antiviral treatment could
target pp71 and its ability to control the activation of immediate-early gene expression [87].

4.4. Tegument structural proteins

The structural proteins of CMV with therapeutic potential include pp150, pp65 (above), pp28,
pp38, and the gene products of UL55 and UL75, as they play pivotal roles in the CMV life cycle
and are immunogenic. pp150, the second most abundant tegument protein behind pp65, plays
a role in the assembly and egress of new infectious virus particles. It is necessary to incorporate
nucleocapsids into these new infectious virus particles [21]. It is essential for maintaining the
stability of the cytoplasmic capsids and directing their movement [1,88]. It also plays a role in
the reorganization of the cytoplasmic assembly compartment during virion assembly [88].
pp28 is largely responsible for the cytoplasmic envelopment of tegument proteins and capsids
during assembly and egress [89].

pp38 is a mitogen-activated protein kinase and has a critical function in CMV viral DNA
replication. pp38 kinase activity is significantly increased after CMV infection, and inhibition
of this kinase activity inhibits CMV-induced hyperphosphorylation of pRb and the phosphor‐
ylation of heat shock protein 27. This suggests that pp38 activation is involved in virus-
mediated changes in host cell metabolism throughout the CMV infection [90].
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The gene products of UL55 and UL75 by comparison have been shown to be involved Sp1 and
NF-kappaB activation during the earliest stages of CMV infection via a cellular receptor-viral
ligand interaction. This is based on the observation that the cellular transcription factors Sp1
and NF-kappaB are upregulated shortly after the binding of purified live or UV-inactivated
CMV to the cell surface, which has also been seen in other systems where cellular factors are
induced following a receptor-ligand interaction [91].

All tegument proteins elicit a strong humoral immune response [92]. This is significant, since
the host immunological functions are clearly limit CMV-associated disease [93]. Novel
therapeutics could take advantage of the highly immunogenic nature of the CMV structural
proteins. Potentially, an antibody could be designed that recognizes the CMV antigens
expressed on these proteins and could be exploited to deliver an active drug compound that
can inhibit the lytic replication of the virus. This strategy is used to target certain cancers.
Additionally, a monoclonal antibody could simply be used to help the immune system locate
the CMV immunogenic structural proteins and end the CMV infection.

Additionally, structural phosphoproteins, such as pp65 and pp150, are good candidates for
subunit vaccine development, since they elicit cytotoxic T lymphocyte responses. A CMV
subunit vaccine would contain viral antigens without the CMV DNA genome. It would be less
likely to cause adverse reactions and would be clinically valuable in view of the high hema‐
tologic and renal toxicity and low bioavailability of current antiviral treatments targeting acute
CMV infection [94].

4.5. UL94

Although it is not critical for viral replication unlike the majority of potential CMV targets,
UL94 could also be targeted by a novel antiviral agent. Studies of UL94 stop mutants show
that UL94 plays a role in the secondary envelopment of viral particles. When the UL94 gene
is absent or not functioning, the UL99 (pp28) tegument protein responsible for the cytoplasmic
envelopment of tegument proteins during assembly and egress exhibits aberrant localization
and there is a complete block of secondary envelopment of virions. Thus, UL94 functions late
in the CMV lytic life cycle to direct pp28 to the assembly complex, facilitating the secondary
envelopment of CMV virions [95].

If a molecule is able to target UL94 and inhibit its function, the assembly and egress of virion
progeny will be blocked, since the secondary envelopment of CMV virions will not occur. A
therapeutic targeting UL94 could utilize the interaction between UL94 and the pp28 structural
protein. For example, a new antiviral could focus on the ability of pp28 to elicit a strong
humoral immune response through the release of antibodies targeting the CMV specific
immunoglobulin as mentioned above. Two monoclonal antibodies could also be developed to
target pp28 and UL94 that could inhibit UL94 from directing pp28 to the assembly complex
where new CMV virion progeny undergo secondary envelopment.
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4.6. UL56

Currently, all of the licensed drugs used for the systemic treatment of acute CMV infection act
through similar mechanisms as they target the viral DNA polymerase (UL54) [96]. With the
emergence of ganciclovir-resistant strains of CMV, as well as cross-resistance to second-line
agents (foscarnet and cidofovir), there is a need for new drugs [97].

A promising small molecule antiviral candidate, AIC246, is representative of the 3,4 dihydro-
quinazoline nonnucleoside CMV inhibitors [98]. AIC246 acts through a unique mechanism
distinct from that of the CMV DNA polymerase inhibitors. AIC246 blocks viral replication
without inhibiting the synthesis of progeny CMV genomic DNA or viral proteins. Three pieces
of evidence show AIC246 interferes with CMV DNA cleavage/packaging via a distinct
molecular mechanism from other compounds that target the CMV viral terminase [99]. First,
AIC246 does not affect CMV protein expression or CMV DNA replication, excluding the
possibility of AIC246 acting through interfering with viral genome replication [99]. Second,
genetic mapping of AIC246 resistance to the CMV open reading frame of UL56 shows that the
viral terminase complex is involved in the action of AIC246 [99]. Third, a terminase cleavage
assay showed potent inhibition of the formation of properly processed unit-length genomes
[99]. Thus, AIC246 is a promising therapeutic candidate for the treatment of acute CMV
infection through its unique mechanism of action involving the UL56 tegument protein
involved in DNA packaging.

4.7. Antisense oligonucleotides

The expression of viral genes encoding proteins essential for the production of infectious
virions can also be targeted. Fomivirsen, a 21-base phosphorothioate oligodeoxynucleotide
complementary to the messenger RNA (mRNA) of the major immediate-early region proteins
of CMV, can inhibit CMV gene expression through an antisense mechanism. Fomivirsen binds
to the target mRNA transcripts of the immediate-early region 2 (IE2) that encodes several
proteins responsible for the regulation of viral gene expression. This binding inhibits IE2
protein synthesis and the activation of immediate-early gene expression by pp71, which
subsequently inhibits viral replication [100]. Fomivirsen is licensed to treat acute CMV
infection and illustrates that CMV tegument proteins can targeted indirectly.

5. Conclusion

CMV infects most individuals by early adulthood and is associated with morbidity and
mortality, especially in those with poor immune systems. Furthermore, CMV has been
implicated in inflammatory and proliferative diseases, such as cardiovascular disease and
cancer. Antiviral agents able to inhibit the CMV replication cycle and the production of new
infectious virions exist, but suffer from high levels of toxicity and low levels of bioavailability.
CMV resistant and cross-resistant strains develop because all drugs target the viral DNA
polymerase UL54. There is also no vaccine available to prevent acute CMV infection. However,
several components of the CMV virion are promising targets for novel antiviral therapeutics
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that would inhibit the CMV lytic cycle and eradicate the virus from host cells. The most likely
targets within the CMV virion are those proteins found within the tegument, which is a unique
structure found in all members of the Herpesviridae family. Proteins that localize to the
tegument play pivotal roles in all stages of the CMV life cycle. Novel antiviral therapeutics
that target these proteins inhibit the CMV lytic cycle. Furthermore, the highly immunogenic
nature of several tegument proteins makes them excellent candidates for subunit vaccines. In
fact, several novel antiviral therapeutics and CMV vaccines based around the CMV tegument
proteins are under development. Nonetheless, more research needs to be done to fully identify
the function as well as the role in the lytic stage of the CMV life cycle.

Author details

John Paul III Tomtishen

Address all correspondence to: jpt015@bucknell.edu

Developmental Therapeutics Program, Fox Chase Cancer Center, Philadelphia, PA, USA

References

[1] arski, E. S., T. Shenk, and R. F. Pass. Cytomegaloviruses. In D. M. Knipe and P. M.
Howley (ed.), Fields virology, 5th ed. Lippincott Williams & Wilkins, Philadelphia,
PA; 2007. p2701-2772.

[2] Selinsky C, Luke C, Wloch M, Geall A, Hermanson G, et al. A DNA-based vaccine
for the prevention of human cytomegalovirus-associated diseases. Human Vaccines
1; 2005. p16-23.

[3] Sinzger, C., A. Grefte, B. Plachter, A. S. H. Gouw, T. H. The, and G. Jahn. Fibroblasts,
epithelial cells, endothelial cells, and smooth muscle cells are major targets of human
cytomegalovirus infection in lung and gastrointestinal tissues. J. Gen. Virol. 76; 1995.
p741-750.

[4] Steininger, C. Clinical relevance of cytomegalovirus infection in patients with disor‐
ders of the immune system. Clin. Microbiol. Infect. 13; 2007. p953-963.

[5] Rafailidis PI, Mourtzoukou EG, Varbobitis IC, et al. Severe cytomegalovirus infection
in apparently immunocompetent patients: a systematic review. Virol J. 5; 2008; p47.

[6] Naucler C. Does cytomegalovirus play a causative role in the development of various
inflammatory diseases and cancer? J. Intern. Med. 259; 2006; p219-246.

[7] Koch, S., R. Solana, O. Dela Rosa, and G. Pawelec. Human cytomegalovirus infection
and T cell immunosenescence: a mini review. Mech. Ageing Dev. 127; 2006; p538-543.

Cytomegalovirus Tegument Proteins and the Development of Novel Antiviral Therapeutics
http://dx.doi.org/10.5772/55156

123



[8] Grosse, S. D., D. S. Ross, and S. C. Dollard. Congenital cytomegalovirus (CMV) infec‐
tion as a cause of permanent bilateral hearing loss: a quantitative assessment. J. Clin.
Virol. 41; 2008; p57-62.

[9] Saffert, R. T., R. R. Penkert, and R. F. Kalejta. Cellular and viral control over the ini‐
tial events of human cytomegalovirus experimental latency in CD34+ cells. J. Virol.
84; 2010; p5594-5604.

[10] Cinatl J, Jr, Cinatl J, Vogel JU, Rabenau H, Kornhuber B, Doerr HW. Modulatory ef‐
fects of human cytomegalovirus infection on malignant properties of cancer cells. In‐
tervirology. 39; 1996; p259-269.

[11] Cinatl J, Jr, Cinatl J, Vogel JU, Kotchetkov R, Driever PH, Kabickova H, Kornhuber B,
Schwabe D, Doerr HW. Persistent human cytomegalovirus infection induces drug re‐
sistance and alteration of programmed cell death in human neuroblastoma cells.
Cancer Res. 58; 1998; p367-372.

[12] Cinatl J, Jr, Vogel JU, Kotchetkov R, Doerr HW. Oncomodulatory signals by regulato‐
ry proteins encoded by human cytomegalovirus: a novel role for viral infection in tu‐
mor progression. FEMS Microbiol Rev. 28; 2004; p59-77.

[13] Melnick M, Sedghizadeh PP, Allen CM, Jaskoll T. Human cytomegalovirus and mu‐
coepidermoid carcinoma of salivary glands: Cell-specific localization of active viral
and oncogenic signaling proteins is confirmatory of a causal relationship. Experi‐
mental and molecular pathology. 92; 2011; p118-125.

[14] Matthews T, Boehme R. Antiviral activity and mechanism of action of ganciclovir .
Rev Infect Dis. 10; Suppl 3; 1988; pS490-S494.

[15] C.S. Crumpacker. Mechanism of action of Foscarnet against viral polymerases. Am. J.
Med., 92; 1992; p3S-7S.

[16] DeClercq, E. Therapeutic potential of Cidofovir (HPMPC, Vistide) for the treatment
of DNA virus (i.e. herpes-, papova-, pox- and adenovirus) infections. Verhandelin‐
gen – Koninklijke Academie voor Geneeskunde Van Belgie. 58; 1996; p19-47.

[17] Biron, K. K. Antiviral drugs for cytomegalovirus disease. Antivir. Res. 71; 2006;
p154-163.

[18] Kalejta, R.F. Tegument proteins of human cytomegalovirus. Microbiol. Mol. Biol.
Rev. 72; 2008; p249-265.

[19] Shenk, Thomas, and Mark F. Stinski. Human Cytomegalovirus. 1st ed. Vol. 325. Ber‐
lin: Springer, 2008. Current Topics in Microbiology and Immunology.

[20] Chen, D. H., H. Jiang, M. Lee, F. Liu, and Z. H. Zhou. Three-dimensional visualiza‐
tion of tegument/capsid interactions in the intact human cytomegalovirus. Virology
260; 1999; p10-16.

[21] Varnum, S. M., D. N. Streblow, M. E. Monroe, P. Smith, K. J. Auberry, L. Pasa-Tolic,
D. Wang, D. G. Camp, K. Rodland, S. Wiley, W. Britt, T. Shenk, R. D. Smith, and J.

Manifestations of Cytomegalovirus Infection124



Nelson. Identification of proteins in human cytomegalovirus (HCMV) particles: the
HCMV proteome. J. Virol. 78; 2004; p10960-10966.

[22] Kalejta, R. F. Functions of human cytomegalovirus tegument proteins prior to imme‐
diate early gene expression. Curr. Top. Microbiol. Immunol. 325; 2008; p101-116.

[23] Adair, R., E. R. Douglas, J. B. Maclean, S. Y. Graham, J. D. Aitken, F. E. Jamieson, and
D. J. Dargan. The products of human cytomegalovirus genes UL23, UL24, UL43 and
US22 are tegument components. J. Gen. Virol. 83; 2002; p1315-1324.

[24] Stamminger, T., Gstaiger, M., Weinzierl, K., Lorz, K., Winkler, M. & Schaffner, W.
Open reading frame UL26 of human cytomegalovirus encodes a novel tegument pro‐
tein that contains a strong transcriptional activation domain. J Virol 76; 2002;
p4836-4847.

[25] Zini, N., M. C. Battista, S. Santi, M. Riccio, G. Bergamini, M. P. Landini, and N. M.
Maraldi. The novel structural protein of human cytomegalovirus, pUL25, is localized
in the viral tegument. J. Virol. 73; 1999; p6073-6075.

[26] AuCoin, D. P., G. B. Smith, C. D. Meiering, and E. S. Mocarski. Betaherpesvirus con‐
served cytomegalovirus tegument protein ppUL32 (pp150) controls cytoplasmic
events during virion maturation. J. Virol. 80; 2006; p8199-8210.

[27] Schierling, K., C. Buser, T. Mertens, and M. Winkler. Human cytomegalovirus tegu‐
ment protein ppUL35 is important for viral replication and particle formation. J. Vi‐
rol. 79; 2005; p3084-3096.

[28] McCormick et al. The human cytomegalovirus UL36 gene controls caspase-depend‐
ent and -independent cell death programs activated by infection of monocytes differ‐
entiating to macrophages J. Virol., 84; 2010; p5108-5123.

[29] Terhune, S., E. Torigoi, N. Moorman, M. Silva, Z. Qian, T. Shenk, and D. Yu. Human
cytomegalovirus UL38 protein blocks apoptosis. J. Virol. 81; 2007; p3109-3123.

[30] Krosky, P. M., M. C. Baek, W. J. Jahng, I. Barrera, R. J. Harvey, K. K. Biron, D. M.
Coen, and P. B. Sentha. The human cytomegalovirus UL44 protein is a substrate for
the UL97 protein kinase. J. Virol. 77; 2003; p7720-7727.

[31] Isomura, H., M. F. Stinski, A. Kudoh, S. Nakayama, S. Iwahori, Y. Sato, and T. Tsuru‐
mi. The late promoter of the human cytomegalovirus viral DNA polymerase proces‐
sivity factor has an impact on delayed early and late viral gene products but not on
viral DNA synthesis. J. Virol. 81; 2007; p6197-6206.

[32] Patrone, M., E. Percivalle, M. Secchi, L. Fiorina, G. Pedrali-Noy, M. Zoppe, F. Baldan‐
ti, G. Hahn, U. H. Koszinowski, G. Milanesi, and A. Gallina. The human cytomegalo‐
virus UL45 gene product is a late, virion-associated protein influencing virus growth
at low multiplicities of infection. J. Gen. Virol. 84; 2003; p3359-3370.

Cytomegalovirus Tegument Proteins and the Development of Novel Antiviral Therapeutics
http://dx.doi.org/10.5772/55156

125



[33] Bechtel, J. T., and T. Shenk. Human cytomegalovirus UL47 tegument protein func‐
tions after entry and before immediate-early gene expression. J. Virol. 76; 2002;
p1043-1050.

[34] Kim, E.T., S.E. Oh, Y.O. Lee, W. Gibson, J.H. Ahn. Cleavage specificity of the UL48
deubiquitinating protease activity of human cytomegalovirus and the growth of an
active-site mutant virus in cultured cells. J. Virol. 83; 2009; p12046-12056.

[35] Rupp, B., Z. Ruzsics, C. Buser, B. Adler, P. Walther, and U. H. Koszinowski. Random
screening for dominant-negative mutants of the cytomegalovirus nuclear egress pro‐
tein M50. J. Virol. 81; 2007; p55085517.

[36] Sam et al. Biochemical, biophysical, and mutational analyses of subunit interactions
of the human cytomegalovirus nuclear egress complex J. Virol., 83; 2009, p2996-3006

[37] Kouzarides, T., A. T. Bankier, S. C. Satchwell, K. Weston, P. Tomlinson, and B. G.
Barrell. Sequence and transcription analysis of the human cytomegalovirus DNA
polymerase gene. J. Virol. 61; 1987; p125-133.

[38] Bogner E., Radsak K., Stinski M. F. The gene product of human cytomegalovirus
open reading frame UL56 binds the pac motif and has specific nuclease activity. J. Vi‐
rol. 72; 1998; p2259-2264.

[39] Kemble, G. W., A. L. McCormick, L. Pereira, and E. S. Mocarski. A cytomegalovirus
protein with properties of herpes simplex virus ICP8: partial purification of the poly‐
peptide and map position of the gene. J. Virol. 61; 1987; p3143-3151.

[40] Kronemann, D., S. R. Hagemeier, D. Cygnar, S. Phillips, and W. A. Bresnahan. Bind‐
ing of the human cytomegalovirus (HCMV) tegument protein UL69 to UAP56/
URH49 is not required for efficient replication of HCMV. J. Virol. 84; 2010;
p9649-9654.

[41] Schauflinger M., et al. The tegument protein UL71 of human cytomegalovirus is in‐
volved in late envelopment and affects multivesicular bodies. J. Virol. 85; 2011;
p3821-3832.

[42] Caposio, P., L. Riera, G. Hahn, S. Landolfo, and G. Gribaudo. Evidence that the hu‐
man cytomegalovirus 46-kDa UL72 protein is not an active dUTPase but a late pro‐
tein dispensable for replication in fibroblasts. Virology 325; 2004; p264-276.

[43] Siew, V. K., C. Y. Duh, and S. K. Wang.Human cytomegalovirus UL76 induces chro‐
mosome aberrations J. Biomed. Sci., 16; 2009; p107.

[44] Isomura H., Stinski M. F., Murata T., Nakayama S., Chiba S., Akatsuka Y., Kanda T.,
Tsurumi T. The human cytomegalovirus UL76 gene regulates the level of expression
of the UL77 gene. PLoS ONE 5; 2010; e11901.doi:10.1371/journal.pone.0011901pmid:
20689582.

Manifestations of Cytomegalovirus Infection126



[45] Y., Qian Z., Fehr A. R., Xuan B., Yu D.. Human cytomegalovirus gene UL79 is re‐
quired for the accumulation of late viral transcripts. J. Virol. 85; 2011; p4841-4852.

[46] Cantrell, S. R. & Bresnahan, W. A. Human cytomegalovirus (HCMV) UL82 gene
product (pp71) relieves hDaxx-mediated repression of HCMV replication. J Virol 80;
2006; p6188-6191.

[47] Yao, Z. Q., G. Gallez-Hawkins, N. A. Lomeli, X. Li, K. M. Molinder, D. J. Diamond,
and J. A. Zaia. Site-directed mutation in a conserved kinase domain of human cyto‐
megalovirus-pp65 with preservation of cytotoxic T lymphocyte targeting. Vaccine 19;
2001; p1628-1635.

[48] Gao, Y., K. Colletti, and G. S. Pari. Identification of human cytomegalovirus UL84 vi‐
rus- and cell-encoded binding partners by using proteomics analysis. J. Virol. 82;
2008; p96-104.

[49] Wing, B. A., E.-S. Huang. Analysis and mapping of a family of 3′-coterminal tran‐
scripts containing coding sequences of human cytomegalovirus open reading frames
UL93 through UL99 J. Virol., 69; 1995; p1521-1531.

[50] Wing, B. A., G. C. Y. Lee, and E. S. Huang. The human cytomegalovirus UL94 open
reading frame encodes a conserved herpesvirus capsid/tegument-associated virion
protein that is expressed with true late kinetics. J. Virol. 70; 1996; p3339-3345.

[51] R, Mocarski ES. Cytomegalovirus pUL96 is critical for the stability of pp150-associat‐
ed nucleocapsids. J. Virol. 85; 2011; p7129-7141.

[52] Silva, M. C., Q. C. Yu, L. Enquist, and T. Shenk. Human cytomegalovirus UL99-en‐
coded pp28 is required for the cytoplasmic envelopment of tegument-associated cap‐
sids. J. Virol. 77; 2003; p10594-10605.

[53] Ahlqvist J., Mocarski E.. Cytomegalovirus UL103 controls virion and dense body
egress. J. Virol. 85; 2011; p5125-5135.

[54] Wang SK, Hu CH, Lu MC, Duh CY, Liao PC, Tyan YC. Novel virus-associated pro‐
teins encoded by UL112-113 of human cytomegalovirus. J Gen Virol 90; 2009;
p2840-2848.

[55] Hakki, M., E. E. Marshall, K. L. De Niro, and A. P. Geballe. Binding and nuclear re‐
localization of protein kinase R by human cytomegalovirus TRS1. J. Virol. 80; 2006;
p11817-11826.

[56] Feng, X., J. Schroer, D. Yu, and T. Shenk. Human cytomegalovirus pUS24 is a virion
protein that functions very early in the replication cycle. J. Virol. 80; 2006;
p8371-8378.

[57] Feng, X. Characterization of human cytomegalovirus pUS24, pUS23 and their inter‐
action. PhD thesis. Princeton University; 2007.

Cytomegalovirus Tegument Proteins and the Development of Novel Antiviral Therapeutics
http://dx.doi.org/10.5772/55156

127



[58] Odeberg, J., B. Plachter, L. Branden, and C. Soderberg-Naucler. Human cytomegalo‐
virus protein pp65 mediates accumulation of HLA-DR in lysosomes and destruction
of the HLA-DR alpha-chain. Blood 101; 2003; p4870-4877.

[59] Gilbert, M. J., S. R. Riddell, B. Plachter, and P. D. Greenberg. Cytomegalovirus selec‐
tively blocks antigen processing and presentation of its immediate-early gene prod‐
uct. Nature 383; 1996; p720-722.

[60] Prichard, M. N., N. Gao, S. Jairath, G. Mulamba, P. Krosky, D. M. Coen, B. O. Parker,
and G. S. Pari. A recombinant human cytomegalovirus with a large deletion in UL97
has a severe replication deficiency. J. Virol. 73; 1999; p5663-5670.

[61] Prichard, M. N., E. E. Sztul, S. L. Daily, A. L. Perry, S. L. Frederick, R. B. Gill, C. B.
Hartline, D. N. Streblow, S. M. Varnum, R. D. Smith, and E. R. Kern. Human cytome‐
galovirus UL97 kinase activity is required for the hyperphosphorylation of retino‐
blastoma protein and inhibits the formation of nuclear aggresomes. J. Virol. 82; 2008;
p5054-5067.

[62] Dunn, W., C. Chou, H. Li, R. Hai, D. Patterson, V. Stolc, H. Zhu, and F. Liu. Function‐
al profiling of a human cytomegalovirus genome. Proc. Natl. Acad. Sci. USA 11;
2003; p14223-14228.

[63] Winkler, M. Interactions and functions of human cytomegalovirus tegument proteins
Monogr. Virol. (Karger, Basel), 24; 2003; p113-121.

[64] Luxton, G. W. G., S. Haverlock, K. E. Coller, S. E. Antinone, A. Pincetic, and G. A.
Smith. Targeting of herpesvirus capsid transport in axons is coupled to association
with specific sets of tegument proteins. Proc. Natl. Acad. Sci. USA 102; 2005;
p5832-5837.

[65] Sinzger, C., M. Kahl, K. Laib, K. Klingel, P. Rieger, B. Plachter, and G. Jahn. Tropism
of human cytomegalovirus for endothelial cells is determined by a post-entry step
dependent on efficient translocation to the nucleus. J. Gen. Virol. 81; 2000;
p3021-3035.

[66] Sinclair J, Sissons P: Latency and reactivation of human cytomegalovirus. J Gen Virol.
87; 2006; p1763-1779.

[67] McLaughlin-Taylor, E., H. Pande, S. J. Forman, B. Tanamachi, C. R. Li, J. A. Zaia, P.
D. Greenberg, and S. R. Riddell. Identification of the major late human cytomegalovi‐
rus matrix protein pp65 as a target antigen for CD8 virus-specific cytotoxic T lym‐
phocytes. J. Med. Virol. 43; 1994; p103-110.

[68] Arcangeletti, M.-C., Rodighiero, I., Mirandola, P., De Conto, F., Covan, S., Germini,
D., Razin, S., Dettori, G. and Chezzi, C. Cell-cycle-dependent localization of human
cytomegalovirus UL83 phosphoprotein in the nucleolus and modulation of viral
gene expression in human embryo fibroblasts in vitro. J. of Cell. Biochem., 112; 2011;
p307-317.

Manifestations of Cytomegalovirus Infection128



[69] Sanchez, V., K. D. Greis, E. Sztul, and W. J. Britt. Accumulation of virion tegument
and envelope proteins in a stable cytoplasmic compartment during human cytome‐
galovirus replication: characterization of a potential site of virus assembly. J. Virol.
74; 2000; p975-986.

[70] Sanchez, V., Mahr, J.A., Orazio, N.I., Spector, D.H., Nuclear export of the human cy‐
tomegalovirus tegument protein pp65 requires cyclin-dependent kinase activity and
the Crm1 exporter. J. Virol. 81; 2007; p11730-11736.

[71] Tomtishen, J. P. III, Tegument Protein Subcellular Localization of Human Cytomega‐
lovirus" Honor’s thesis. Bucknell University; 2011.

[72] Tomtishen, J. P. III, Human cytomegalovirus tegument proteins (pp65, pp71, pp150,
pp28). Virol. J. 9; 2012; doi:10.1186/1743-422X-9-22.

[73] Arnon TI, Markel G, Mandelboim O. Tumor and viral recognition by natural killer
cells receptors. Semin. Cancer Biol. 16; 2006; p348-358.

[74] Schmolke, S., P. Drescher, G. Jahn, and B. Plachter. Nuclear targeting of the tegument
protein pp65 (UL83) of human cytomegalovirus: an unusual bipartite nuclear locali‐
zation signal functions with other portions of the protein to mediate its efficient nu‐
clear transport. J. Virol. 69; 1995; p1071-1078.

[75] Gerber, M. Development of a therapeutic vaccine to prevent cytomegalovirus infec‐
tion in transplant recipients. OMICS 2012: proceedings of the International Confer‐
ence on Vaccines and Vaccination, OMICS 2012, 20-22 August 2012, Chicago, USA.

[76] Chee, M. S., G. L. Lawrence, and B. G. Barrell. Alpha-, beta- and gammaherpesvirus‐
es encode a putative phosphotransferase. J. Gen. Virol. 70; 1989; p1151-1160.

[77] Sullivan, V., C. L. Talarico, S. C. Stanat, M. Davis, D. M. Coen, and K. K. Biron. A
protein kinase homologue controls phosphorylation of ganciclovir in human cytome‐
galovirus-infected cells. Nature 358; 1992; p162-164.

[78] Prichard, M. N. Function of human cytomegalovirus UL97 kinase in viral infection
and its inhibition by maribavir. Rev. Med. Virol. 19; 2009; p215-229.

[79] Azzeh, M., A. Honigman, A. Taraboulos, A. Rouvinski, and D. G. Wolf. Structural
changes in human cytomegalovirus cytoplasmic assembly sites in the absence of
UL97 kinase activity. Virology 354; 2006; p69-79.

[80] Prichard, M. N., W. J. Britt, S. L. Daily, C. B. Hartline, and E. R. Kern. Human cyto‐
megalovirus UL97 kinase is required for the normal intranuclear distribution of pp65
and virion morphogenesis. J. Virol. 79; 2005; p15494-15502.

[81] Kamil JP, Coen DM. Human cytomegalovirus protein kinase UL97 forms a complex
with the tegument phosphoprotein pp65. J. Virol. 81; 2007; p10659-10668.

Cytomegalovirus Tegument Proteins and the Development of Novel Antiviral Therapeutics
http://dx.doi.org/10.5772/55156

129



[82] Gilbert, M. J., S. R. Riddell, B. Plachter, and P. D. Greenberg. Cytomegalovirus selec‐
tively blocks antigen processing and presentation of its immediate-early gene prod‐
uct. Nature 383; 1996; p720-722.

[83] Spaete RR, Mocarski ES. Regulation of cytomegalovirus gene expression: α and β
promoters are trans activated by viral functions in permissive human fibroblasts. J
Virol. 56; 1985; p135-143.

[84] Salomoni P, Khelifi AF. Daxx: death or survival protein? Trends Cell Biol. 16; 2006;
p97-104.

[85] Saffert RT, Kalejta RF. Inactivating a cellular intrinsic immune defense mediated by
Daxx is the mechanism through which the human cytomegalovirus pp 71 protein
stimulates viral immediate early gene expression. J Virol. 80; 2006; p3863-3871.

[86] Trgovcich J, Cebulla C, Zimmerman P, Sedmak DD. Human cytomegalovirus protein
pp 71 disrupts major histocompatibility complex class I cell surface expression. J Vi‐
rol. 80; 2006; p951-63.

[87] Hagemeier, S. C. Functional Analysis of the Human Cytomegalovirus Ul82 Gene
Product PP71 Protein During Virus Replication. PhD thesis. University of Texas
Southwestern Medical Center. 2007.

[88] Tandon, R., and E. S. Mocarski. Control of cytoplasmic maturation events by cytome‐
galovirus tegument protein pp150. J. Virol. 82; 2008; p9433-9444.

[89] Seo, J. Y., and W. J. Britt. Cytoplasmic envelopment of human cytomegalovirus re‐
quires a postlocalization function of a tegument protein pp28 within the assembly
compartment. J. Virol. 81; 2007; p6536-6547.

[90] Johnson, R. A., Huong S. M., Huang E. S. Activation of the mitogen-activated protein
kinase p38 by human cytomegalovirus infection through two distinct pathways: a
novel mechanism for activation of p38. J. Virol. 74; 2000; p1158-1167.

[91] Yurochko, A. D., Hwang E., Rasmussen L., Keay S., Pereira L., Huang E. The human
cytomegalovirus UL55 (gB) and UL75 (gH) glycoprotein ligands initiate the rapid ac‐
tivation of Sp1 and NF-κB during infection. J. Virol. 71; 1997; p5051-5059.

[92] Landini, M. P. & Mach, M. Searching for antibodies specific for human cytomegalovi‐
rus: is it diagnostically useful? When and how. Scandinavian Journal of Infectious
Diseases Supplementum 99; 1995; p18-23.

[93] [93] Lazzarotto, T., Varani, S., Gabrielli, L., Pignatelli, S. & Landini, M. P. The tegu‐
ment protein ppUL25 of human cytomegalovirus (CMV) is a major target antigen for
the anti-CMV antibody response. J Gen Virol 82; 2001; p335-338.

[94] Molecular Characterization of the Guinea Pig Cytomegalovirus UL83 (pp65) Protein
Homolog. Schleiss, Mark R.; McGregor, Alistair; Jensen, Nancy J.; Erdem, Guliz; Ak‐
tan, Laurie. Virus Genes vol. 19 issue 3 November 1999. p205-221.

Manifestations of Cytomegalovirus Infection130



[95] Phillips, S. L., Bresnahan W. A. The Human Cytomegalovirus (HCMV) Tegument
Protein UL94 Is Essential for Secondary Envelopment of HCMV Virions. J. Virol. 86;
2012; p2523-2532.

[96] Lurain N. S., Chou S. Antiviral drug resistance of human cytomegalovirus. Clin. Mi‐
crobiol. Rev. 23; 2010; p689-712.

[97] Schreiber A., et al. Antiviral treatment of cytomegalovirus infection and resistant
strains. Expert. Opin. Pharmacother. 10; 2009; p191-209.

[98] Lischka P., et al. In vitro and in vivo activities of the novel anticytomegalovirus com‐
pound AIC246. Antimicrob. Agents Chemother. 54; 2010; p1290-1297.

[99] Goldner T, et al. The novel anticytomegalovirus compound AIC246 (letermovir) in‐
hibits human cytomegalovirus replication through a specific antiviral mechanism
that involves the viral terminase. J. Virol. 85; 2011; p10884-10893.

[100] Perry C.M.; Barman Balfour J.A. Fomivirsen. Drugs, Volume 57, Number 3, March
1999, p375-380.

Cytomegalovirus Tegument Proteins and the Development of Novel Antiviral Therapeutics
http://dx.doi.org/10.5772/55156

131




